


I

I TECH 188_1985
THE GEORGE W. WOODRUFF SCHOOL OF

MECHANICAL ENGINEERING

I

I
I

I
I

I
I
I

I
I

I
I

I
I

I
I

I

DESIGNING TOMORROW TODAY

ME #182

MECHANICAL DESIGN ENGINEERING

NASA/UNIVERSITY ADVANCED SPACE DESIGN PROJECT

LIFTINS AND TRANSPORT VEHICLE

FOR LUNAR APPLICATIONS

June 1986

Jeff Dilg

Robert Dirksen

Joe Gentry

Jefferson hynds

David Martucci

Michael Minchew

Bruce Reynolds

Georgia Institute of Technology
Atlanta, Georgia 30332-0405

An Equal Education and Employment Opportunity Institution A Unit of the University System of Georgia



I
I

I
I

I
I

I

I
I

I

I
I

I
I

I

I
I

I

TABLE OF CONTENTS

introduction: Ba_:- to the Moon

Problem Statement . .

Historical Background

-7.

al

b.

The Lunar Environment

The Lunar Roving Vehicle

6

8

Systems Description

as

bm

C.

Fork Lifting System .............

I. Kinematics

2 Hydraul ics

3 Materials

Chass __s System . .

Drive and Control System ........

I. Power Source

o Motors

3. Wheels

4. Steering

12

d. Thermal Protection System

I. Heat Oink_.

-:" Radiation Shei I dingd_-j

e. Instrumentation ......

m I _ I i m _ i m n s u m _-

24

. . . 35

. 41

Conclusions . 43

References 45



I
I

I
I

I
I

I

I
I
I

I
I

I
I

I

I
I

I

Appen di ces

au

b.

co

d.

e=

f.

Design Analwsls _culations)

Design Draz_ings

Computer Programs

Progress Reports

Record of Invention

Alternate Concept Drawings



I
I

I
I

I
i

I
I
I

I
g
i

i

i
i

I

i
I

Page

I _'ZT_( _I_'IIr'T T ON

With so mane significant advances in the space

proora_._ i _ is importane_ _hat we as __--..nation not become

complacent in our development of new space technologies.

With the zeal of the earliese inventors and _ci_ntists

str _.ving to make nee advances ,_n ancient times, the eoal_

of a permanentle manned space station is already being

advanced. But, .','hat is beeond the space station

project?

Many scientists and re ears chers think the next

major project after the space station sho.'__id be

returning to the moon to set L.'p a permanent outpost.

Mane --,e_on=a_ _ are listed. The main thrust of the

arguement for returning to the moon is its potential for

being a space terminal In other _ords, the resour_

on t_,,_ moon, most notabi_ oxegen, can provi o_i_ the meon_- _

for probing deeper into space. Mars is one destination

that _oul _ be made easier to reach be util_zin__ -- the

energy potential of the moon's o'-:egen.

Structures must be bui_" t on the moon where

_._._ronaut___ can i _ve _,,d_--_ork. A fork'l_ _ ft _ _ --_n.__l,_

in bui" ein__ structures. Mane mater _ _is and SL'----" _ _ _re

ea.s i : "I -_y transported on mai. lets. These --__m._iets m-_st _:an_u

•_ _mes b_ raised ont_ _•- __fo _"dinq_. Thin._ lunar fn--k"l_, -,-';ft

o'.__tlined here is designed ._.-_-_,_se .... transport loaded

pal lets. ()thor constrL_ction e_uipment _:_ i i be n_ _--d ._.--

I
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the moo_,. Vehic_ li; e graders,: .... cranes and bulldozers

mL;st also be de:-iqned_ before the mc, on can be

inhabit i ted.
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_')_ _M STATEMENTt_ _ .L.B--L--._.

To construct permanant _:ork stations and li:'ing

quarters on the moon it _:ill be necessar_ to lift

materials stacked on pallets. The paiiets will have to

be moved short distances and possibly raised as high as

fifteen feet. (in Earth, a forkiift would be used to

carry ou-t th i s fun ct ion of f_he construct ion proc__ss. A

vehicle _:ith some type of fork lifting system is needed

on the moon. It is proposed to design a vehicle to do

the task of lifting pallets on the moon.

Se:-eral goals that m,_.'st be achie:-ed. The para._,ount

concern on the moon is the safet_ of the human _:orkers.

For thi_ rea=on, 100 % reliabiiity is oL!r first goal

The move_.ent of the fork m-_st be smooth and precise.

The entire vehicle must be stable at all times. The

load must be restricted from moving while the vehicle is

in operation by a means other than the friction force on

the forks. The controls must be simple to operate

without requ.'iring the astronaut to r4ake complex

r,ovements. Access to the control area must be clear and

free of obstacles. The control area must also

accomodate the ox__gen backpack worn b__ the operator.

AIi of t__,,_se objectives mL:st be met to insL.'re the safet'_--"

o9 the operator.

Other objectives that mL_st be met _oncern the

operatinq_ characteristics of the vehicle. The

!
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construction _ite _:ill be graded so that the forklift

_:ili not encount_,_- severe off road conditions, but it

must be able to negotiate the loose surface of the moon.

The maximum speed that _,ill be needed is IG_ miles per

hour. The fork lifting sestem should be able to lift

3i __. m-",__.ograms,' which is equivalent to suppi_inq_ 7_.'0

poL-nOs--force on Earth. The maximum lift height _ill be

i5 feet. Finally, the time that the vehicle must be

able to continL-e operating _ithout maintinance or

recharging should be at least eight hours.

The last goal is to make the vehicle as compact and

i ight_:eight as possible. This vehicle mLlSt be taken to

the moon. Weight is perhaps the most important concern

in t-_ s5 _ to the moon. The typical,,_ _pping of the veh __cle

cost of shipping to the moon is $15,'_0 per pound the

mater i a i.

The extremele high cost of transporting the vehicle

from Earth to the moon is a major design constraint.

The design mLIst see'_ to minimize the mass of the

vehicle. The cost of transportat _on is so _r_-_a _. that

e>-otic production methods and techniques, that _,ould not

- m ,,., may be used to redL'cebe economically _ea_ible on E r _-

the mass ot the vehicie.

The second major constraint is the environment on

the moon. The vehicle and its syste,%,s mu_st be able to

wit,_,=_and the severe thermal _radients and heat _ng

effects. Irradiation must not affect stru_ctural

I
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Page 5

me terials. Cooling for any heat sources n_ust be

provided. The vehicle is useless if it cannot perforr,

safely and c-sefL_l i_ under the environment of the moon.

The last concern is testing of the design to

_"-_;--" ish conf _ dence _An its a_orking safely To evaluate

vehicie performance me can construct a test bed to

dupi_ _ cate ehe_ _o_ _ i ton_ di _._ions on the moon a=_ ciosele =s_o

possible. The resistance of the structural materials to

environmer, tal conditions can be evaluated through

radiation and thermal testing performed on Earth or on

the shuttle. Assembly procedures should be evaluated to

determine _:hefher_ an astronaut in a _wace_-- suit can ma;_e

the required movements. All of these methods should be

emplo__ed to determine with no uncertainty the

reliability, effectiveness and safety of the proposed

iifting and transport vehicle.
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THE LUNAR ENVI°C "_':M=,''_

The environment of the Moon is vastly different

from that nf the E--th Mos _ of t _ __ _, . ._ ,,eme d _ fferences stem

from the snlailer mass of the Moon, that is unable to

generate enough gr_"__,_ty to retain a detectable

atmosphere. The lack of atmosphere complicates the

design of ane lunar vehicle.

The resulting vacuum _ould evacL_ate any fluid leak.

Additional fluid must come from Earth since fluids

evaporate almost instantly on the Moon. l-he rapid

evaporat _ _ _ cs._on of fluids compiicates :he use of hydraul _

The thin film of hydraulic fluid _hich lubricates the

seals on Earth would be lost on the pistons out stroke.

rnn" ing becomes a major problem on the Moon Since

the lack of atmosphere _,akes convective cooling

impossible.

The Moon has no atmosphere to reflect or absorb

radiation coming from space and the sun. As a result,

the sL'rfa, e temperature of the Moon ranges from 240 F to

--240 F. Heat and radiation are not only originated from

space, but are also reflected and emitted from the IL'nar

s-:r f a ce.

Lunar dust which covers the s:.'r -__ n ", _ce _f the Moon has

pecL_liar r_h_ive_n:__ properties. A _h_-: . ,, fi_m_ of du:st ._s

set_le_ on almost everything it conies in contact _,ith

The IL:nar ._____ acts -s an _L,, asive _ i

!
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contacts. Thick layers of dust or. the Moon surface _iakes

L . ___ itraction difficul- Dust is easily hurled up by _inn_ng

_heeis. Thus, the design of any lunar vehicle should

incorporate tenders. In addition, vehicles can easii'_4

create mutt__ _zhi!e t-_.rning in the loose _oil

The lack of 8rarity reduces the _eight of an_

ballast needed. Mass _:eights oniw one si_-th on the Moon

as is does on Earth. Momentum, ho_ever, re._lains the

same. Momentum could easily tip over a -vehicle _zhile

turnin8 and makes stopping especially difficL'-It-

!
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THE LUNAR ROVER

The most ambitious progr_r,, to develop lunar

transportation was the development of the lunar roving

vehicle (LRV). Carried to the moon on Apollo FI _.ght .'5,

the CRY provided astronaL_ts __'ith a means of exploring a

larger section of t,,_ moon s sL-rfa e in_ ; .c . designing the

IL_nar forklift, many nf_ the same design considerations

for the LRV were exa,%_ined. For this reason, the

fol'owin8._ section is devoted eo_ describing, ehe_ LRV and

its s_stems.

The lunar roving vehicle was built by the Boeing

Company Aerospace GroL_p. General Motors Delco

Electronics Division was the major subcontractor.

Simplicity of the design and operation and the lightest

possible weight ,,,ere the most important design

considerations. The CRY i__ 122" _.'on9 and --'_',_"wide. It

sits nn_. _ whe_i base of 9_" Figure i shows the LRV's

enveloping dimensions. The total _:eight of the LRV with

a crew of t_:o astronauts _.,,da- th_ir_ life support s'_4stems

and _.--_ientific equipment- _s 156_ pounds.

E_h__-- _'heel _s powered be a direct--current brush

t_pe e'.e.__._, __c motor, ,_'hich operates at __ nomi_,,ol- input

"_._.'ta-- of 36 --.--.;ts. Each motor _s e-_e _ connected to thv _.-J .a.

w,_eeis throL.'gh an 8_.: 1 hmrmoni_ 9ear redL.'cer. Power for

the motors is s'-p. ied by t:,JO " _,_ si_.v-----z_n_ primary

non--recharq_abi_ -.a _ "__ =_-p_.,_ ._erl_ , ;,_ :i-_heels are ;Tfade of

I
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_nc--coated piano, wire mesh woven on _,,__-_._iL'minu,_i s._'_

ca_ __.- hL_b. Chevron _=h_peo_ treads m_de_ of t__ tanium are

_iveted. to the mesh to enhance _-,._--_-.__ion. The design

_ili ut _ _'_ z__ _ similar drive s_-_=teni w_th_ the exceptions

being the u.s_ of rechargable secondar__ batteries and

permanent magnet brushless motors.

_:t_ering on ,he rover is accomplished b__ a doubl

ackerman system on both the front and back" _heels.

..... _,__- s_stem can be mechan i cai i_'" disconnected shoL-i d a

__4,__. IL_re OCCL!r. Control of -he_ stee_ing, can be

accompl, ished _ither_ manually or electroni_l_. I_ _i _._h the

u's,e of smal] servo--motors. The _.'unar for_" I _ft ,,_4I I also

:_e an ackerman type steerlng arrangement with slmilar

featL_r_= -- _ l

The chassis of the rover is constructed from

alu_min.'Jm alloy 2219 tubing welded at the structu'ral

. i n i _'- s. A pa _ -_,, ,- _,L soen_--, 4_ _r o, triangL_lar -- • . __on arms connect

_he cha_s 4•- _ _s to each wheel. Loads are transmitted

_,hrou__h_ _he_ arms to the chassio_ by torsion bars.

Sever_i_ features a'_ 1o_-_ the rover to be folded .,. ,, _-- .- o a

compact packaqe for transport l Vert _ cal os -4,._.,.I lations of

the chass _s are attenuated b__ _ --__Inci_ ty--sq.'__ar_. _ damper

connected between the cha=_ _-_ .,.s and each upper s.'__spensi _,,,-7--

The crew: station _ ._ inc_._.u=__ _,._e seats,_q__ipmen _ - ._._._ _-_

-- . _n_.._._. _ : andholds, armre _ , -_na' s,

seat belt , fenders _.--." toeho' _

l
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The performance of the vehicle _:as excel lent. The

lunar terrain conditions in general were very simi lar to

the e'_pected conditions which the fork __,ift _,ill

encounter Acce; _ '. _eration _,as nor,%,__ ly smooth with onlu

very little slippage occuring under full throttle.

Traction of the wheels was excellent uphil], downhill

and during acceleration. Braking _:as positive except at

speeds _ __n ex-_ss of 5 K'm/hr(3 mph), bL-t was less

effective at higher speeds and when the vehicle was in a

turn. Lateral skidding occurred during an__ hardover or

maximu'm rate turn made at velocities greater than 5

km/hr. Since the forklift will never be required to

mak'e sharp turns at speeds above 5 km/hr a similar drive

system can be used.

Vehicle tracks _,ere prominent on the surface and

very little variation in depth was observed when the

bearing weight on ai i four wheels was equal. Deeper

'- _- two inches in depth wer_•.rat, s, on the order of one _o

observed as the vehicle negotiated steep slopes.

Ho_±_ever, there _as no noticeable effect on the steering

or control on the vehicle caused by driving on

previou_iq._ _ depositied track__. Th _s __ good ne_s because

the for_::lift _iil operate in a limited area and will

therefore encou'nter its o_n tracks qL_ite often.

The lunar roving vehicle design proved to be quite

adequate in negoiating the lunar surface. Therefore,

it=_ proven des_gn_ cha--acter_sti_=_,_. _ cannot be overloo_._ed
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in the forkl itt design. The goal then is to develop a

]unar fork e_e " _ fti,ng de -,; ,-,'-, _o o._s s y...... ce whi_ , Ii clo el the

requirements of the LRV.
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FORK LIFTING SYSTEM

Kinematics

The effects of gravity on the moon make it

necessary to place several restrictions on the lift

mechanism of the IL_nar forklift. First, and foremost is

the distance to which the forks may extend forward of

the front _heeis. the lack of balast due to the reduced

acceleration of gravity has _ade it necessary to place

outriggers at the leading edge of the _heels and limit

lifting to a vertical plane tangent to the front wheels.

The outriggers together _ith "same plane" lift will

allow maximum lift capacity _ith minimum balast. Also,

this outrigger location _:ill not hinder manipulation of

the load upon initial approach, or upon placing the load

_ oon a =_affold or rack in oroer to safeguaro the

forklift from over--extending and toppling forward, the

position of the carriage must be monitored

eiectronically. A simple monitoring system _ould

coordinate the maximum boom extension with each degree

of sming.

A second restriction on the lift mechanism involves

the location of the load during transport. In order to

d_s_ tr _bute the load over all four _heels it must bo

placed _s_ far back _=_- possible. Cont, _ting-_-- ehe_ boom to

six feet and Iocatinq it's _xis of rotation t_o m,e_--_

forward of the rear wheels and five and a half feet
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above the chass _.= pl_ces- _he load's center of gravite

close to the front axles without raising the machine's

center of gravity considerably (see fig. LM--I).

Placement of the batteries and heat sink reservior

behind the rear axles evens the weight distribution as

much as necessary. Unloaded, the front _heels have

minim_m traction without leaving the groLmd. When

transporting, stability against inertia effects can be

maintained if the load is placed temporaril_ on the

chassis and speeds are kept to a minimum over rough

terrain. Stabiiit_ of the load during the lifting

operation is reasonable due to the slow flow rate of the

hydrauiic pump. With a minimum tract width of six and a

half feet lateral stability is safe up to maximum

extention and a lateral incline of 10 degrees.
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HY_-R_ICS

Mechanical power must be generated to produce

movement of the lifting mechanism. To provide this

power, electrical energy from the batteries must be

converted to mechanical energy through the use of

electric motors of some sort.

The configuration of the lifting system indicates

that rotation and extension are required. The lifting

forces _ust be applied smoothly to eliminate inertia

effects which would tend to throw the load off the

forks. The motion of the boom must be accuratelg

controlled so that loads can be picked up and put do_zn

smoothly and accurately.

Several _o_as_! _:ere considered for producing these

motions, all of _,hich use an electric motor as the

driving force. The motor provides rotational power,

which can then be converted mechanicall_ through gears,

pulleys, or hydraulics to provide the forces needed for

operation of the lift.

Two cable and puiiey systems were considered. One

_u tem, =_d the motor_ys __. _o wind or unwind the cable around

_po .I The cable _= routed over a series of puileys

to carr_ the force to the location _here it is needed.

in order to provide the force smoothly, an opposinq

I
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cable provides a force _n the opposite directon. While

lifting, the opposing cable is kept tight to keep the

boom in a steady moe___on. The movement of the two cables

must be synchronized to keep from having any slack in

the opposing cable. It is difficult to keep the two

cables coordinated because the speeds of the cables are

not equal or constant as the boom rotates upward.

The second system used a continuous loop of cable

powered by a motorized capstan. This required a large

diameter capstan in order to produce enough friction on

the cable to keep it from slipping. Also, it is

difficult to eliminate the slack in the cable.

The extension action necessary is virtually

impossible to create using cables and pulleys.

Gears could be used to provide both rotational and

linear motion. However, due to the large amount of

torque necessary to rotate the boom under load, either a

very large motor or b'ere complicated reduction gearing

is needed. A very large motor is impractical because of

weight and size. The gearing system would have to be

very precisely made to avoid excessive backlash which

leads to very imprecise motions. A complicated

reduction gear train will also decrease the reliability

of the system.

A rack and pinion type or power screw arrangement

can prob-ide the .... t _--_ _ ons requ. ired. Ho:i:ever, _ k,_=_-_--_

require large amounts of space since the screw: or rack

I
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always remains the same size, _:hether in the "raised" or

"Io_,:ered" position. Al-o= , to avoid the build--up of the

abrasive lunar dust, _h_ _ ch wo.'_.'id su_bstantion_l_ ly

decrease the life of the system, the entire unit must be

enclosed in a protecti"_,_ covering. The cover _ng _oL-Id

have alio_: the movement of the nut or pinion along the

len_÷h_ _ of the _c._--ew" or rack making its design ._--'_fficL'it.

HydraL_lic cylinders are the best choice for for

appi __cat ions of th ____ type. A h_draul i c system requires

the use of just one motor to power all of the motions

needed. Hydraulic pumps have a high power to weight

ratio and, _hen used with cylinders, power conversion

efficiencies of up to 98_'. can be achieved with good

design. Hydraulic cylinders are easily controlled and

can be coordinated to produce precise movements.

The basic problem with using hydraulics is the

evaporation of the flu-id from the piston rod surface.

When the rod is extended, a thin film of fluid remains

on the rod. In the zero pressure environment of the

moon, this thin film evaporates immediately. When the

cylinder is then closed, the dry rod ell i destroy the

seals in a short time. To prevent this a bellows type

of covering _s_ L'sed to enclose the cylinder. The cover,

sealed at both ends, can be lightly pressurized :-._ith an

inert gas to avoid evaporation. The covering _ill also

protect the cylinder from abra_ _--_ action caused by the

accumulation of l-_nar dust. The h__dra-_'_, i_ flu-id _iso
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needs to be kept at an acceptable temperature range. In

order to be able to both heat or cool the fluid, a heat

exchanger must be part of the apparatus.

The firse_ step in des_gning_ the system i='- to

_lculate the forces needed to lift the various loadsC_

and the length of extension required. These can be

found from the kinematic diagrams of the lifting sestem.

Next a system pressure must be chosen. The system

_s . s of most e_, _ I_ topre_ L_re _--thbound vehicles range from

5_0_ pounds per square inch. The higher system

pressures allo_ the use of smaller cylinders, which

reduces the overall _eight of the vehicle. However,

higher pressures also require larger and more powerful

pumps to maintain the system. The larger pumps _ill also

require larger batteries, _hich will also add _eight.

Upon balancing these factors, a system pressure of 2_

pounds per square inch _as chosen.

After the system pressure is known, the diameter of

the internal bore of a cylinder required to apply a

given forcecan be found be using the basic hydrostatic

equation. Using th _ _ the system_s inside diameter,

pressure, and the _eild strength of the material, the

minimu_m _all thickness can be M_eermined ",s __ _ ng Lame

Formula. SimilarIw, the end thicknesses can be

calculated.

The diameter of the piston rods is dependant on the

I
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Page 18

force being exerted and the extended length of the rod.

The rnds_._ are classified as th _-._,,columns subject to

buckling. Euler's equation was found to hold for the

s_z_s,_ of the rods used in the design. The minimum rod

diameter required to prevent buckling was _h_n found.

The sizes of the cylinders _,ere calculated for

sere, =i material_ using a computer program. The

respective weights of each was determined to find the

lightest configuration. Aluminum was chosen as the best

suited mater __ai for thi_ application.

in order to acheive motion of the desired speed, a

flow rate of 150 co in/min is needed. To avoid heat

build u_p in the lines due to friction, the accepted

limit on flo_" velocity is 5 ft/sec. This way, the pipes

need not be cooled and the pump does not need to be

o_=__''___zed to overcome the flow fr _ction. From this we

find the necessary inside bore of the pipe to be _.23

inches. The thickness can then be found using the

P.arlow formL-la for ehe_ wall tubing. Again, _luminum was'_

chosen as the material leading to a minim[_m wail

eh_c_nes_ of 8.01 _ the wall thickness_ . : _ ,nches. However, ,

i__ made t._._ be _. 1 inches to protect the I °ine=_ from

envirnmental hazards.

To size the hydraulic pump, the horsepower oL'tput

req-_ired was determined using the flo'_" rate, densit_ of

the flu_d,_ and the head. The head wa=_- determined usinq_

t _ d_ .... t'_--" _ _ _ _ h__,__ system pressu-re and the • _---_ of ._,,e , lu_. T,

I
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head _as round to be 5200 feet. T_,,,_ horsepower re_qui_ed

is _.77. The hydrau1i_ motor is sized __o_L 1 kip _,_th a

minimu_i required etticienc_ of 77 percent.
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_L!mlnum 4032--T6 _rouq.he a' i .... .,= ,_- - . _._ was chosen ,o_ the

_"ie _ mechanism strz:._eL_ral members " _.u- _f it" = hi_

yield_ strength, small elongatin--_,, under stress, heat

resistance, =,_nd =="_ ght--mei=ht.-- Also to aid in reflection

of radiation __t can be po _'=_;shed to a h ;_gh luster. Ot "_,_,_=

materials considered "_ere magnesium and titanium alloys

and a q_r--hite epoxy The magnesium alloys _=ere

iight__._ but have the ioz_:est yields strengths. Ti.___--ium_,,

_i In'_4s_--are strong but heav__, and the graph ;=te epox__

=, _ith torsional loads Overal" the

_:rought aluminum ailo_s prove to be the best.

Tn the past, almost all space veh • i _ _ere- .LC e_

constructed from metallic materials. Today's

technoiogy has introduced fiber--reinforced composite

materials _:hi _k-_,,have a h_gher_ speci_iu, - streng-_h, higher

- _-_ _ _ and higher fatigue r_istance._P_ f_ _ st _ ffness, __

These ne_: mater __I_= _i_l_ probabi__ be -_sed to bu_ Id

neari_ a _"i struct-;res in the future that reqL_ir_ io_

weight, directional mater _ _'_ _ propert ie° s, or h __h

fatisue --,e_i_eance_ . - .

The ,_ = - . s =,'-as =ii=ed in_s-- of composit_ material not u-t ; -

this desisn. Due to the limited time s_hedu!e, the

deta _ led ana" _s _ s of I aminat=d-- composi _.__ =_ ,_,_ :"r__s_,_,_ ._._=

not _e___ir,ie,--_ " _ - = The str_s_ s ana_ _"__is_ of isotropic"

mater i a _ - = _ = ' - -_s _s much =impier Than orthrotropic _,ateriais.

!
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Therefore, the design used 4e32--T6 _'.. _ _._.._,._,ITi_nL_IT, ai in,, The

_._--_e--4- of a lunar forK'iitt was dave' -- _ _..4-_o_eu_ .TlOt

finalized.

Graphite--epox__ is commoniy _'.'._=_a_! _n_ most aerospace

appiicaeion__ _ beaEaL-se of its e'-_celient proper_ e_.i

Ho_,ever, it cannot be used in outer space applications

since the epo'-_ .%_=_ri%',,_,_ begins Co_ su. ff_::-'r serious

degradation of phesiEai and ,%:eEhan]Eal properties _Jhen

" 4-in ._he presence n_ radi _t __on Th_ f; ber--reinfor _--d

compos _ te materi__i most iikel_ __-_ "' to be used for _--ace

vehicles is a 8raphite--polymide. The graphite fibers

are extremely strong, st_ff, ,l_ght_-_eight, and suited for

high temperatu.re appi ications. T,te polym _ de re=ins_

provioe good protection of the fibers, are radiation

resisitant and have a useful temperature of 700 d_r_e_

Farhenheit. This material _ouid be ideal" _y suiteO for

outer space. _Tt is only _ projected _aterial to be

used; in the _ears to come, better n_ateriais _il i be

developed to replace the ones presently used.

computer program _'as written to aide in sizing

laminated co_'_pos _.te structures. Computer programs _r_._

a ___ s__. _ _ __ __ -_,,_e =_ _ t" due to the large a_r,oL-nt _,at,h_,_J__t i '

operat __ons required in anai_uzin9 a composite men, bet.

_gain, due on'_ to the time f_ctor, this program _as nnt

u tiiized in ._he current design.

I
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CHASSIS SYSTEM

The chassis for the lunar forkl_- ft consists of a

rectangular frame using I" 7 4" x .25 _ box beam. The

two a:-les extend, from the frame by one foot on __ach s_ de

to al low for wheel clearance when turning. A I . _._"

diameter thin--walled section of tubing extends from each

haif a_-le to the frame at a 45 degree angle. At the

front of the vehicle are two outriggers which prevent

tipping over. T_Jey attach to the frame and el-tend out

even with the front wheels. To support the load of the

hydraulic lifting device, a 5" x 4" x _._'='_" box beam i_

mounted across the width of the frame. Toh,ard the rear

of the hydraulics support, are two 2.5" x 2.5" x 0.25"

channels that provide a mounting surface for the support

trusses of the boom. A 29" >- 54" x _.25" reinforced

plate is attached at the end of the chassis. The power

supply and heat sink are mounted on the plate as

bal last.

The material for the structure is 4_32--T6 aluminum

aiio_. This material was selected because of its high

strength and large el ast_c_ modulus. All members n_f the

ch_ S _ _"_.S _S _, e welded and not bolted. This _as done to

eliminate high stress concentrations and to transfer

forces more uniformly. The stru-ctur_l member__ have

sufficient size to provi _ -- m=i _ _, e:_e arnpl= ":--_ d _ng _- _.

The forkl i ;_,._ .s_ P.'--__==_.gned to _,----,--_ inad_--__ _--f Ll.p _'0_

I
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700 pounds on the moon. The _eight of the forklift

unloaded _'i I I be approx __amatelu 2_0 pounds on the moon.

The load condition of the hydraulic lifting device

support is 5.£.'_0 pounds--force. The worst case on the

frame is _hen t_o wheels s-_pport the entire ,_eight of

the fully loaded forklift. The loading would be

appro>_iamately 45_ po.'_-nds per wheel. At the mounting

surface for the boom's support truss, there _ill be I_00

poL_nds total force. The _has=is-_ will w _thstand both

bending and torsional loads with a maximum deflection of

less than one--quarter inch.

Placing the power supplies and heat sink in the

rear of the vehicle increase the moment behind the front

wheels. The increased moment helps to prevent the

vehicle from overturning when lifting a load. Forklifts

on earth use increased ballast to balance the _eight of

the forks. Weight is a prime factor in the design of

the lunar forklift ; therefore, the distance is increased

to create a large counter-balancing moment. Without

this cantilever or extra ballast, the lifting capability

would be decreased.
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DRIVE AND CONTROL SYSTEMS

Po_Jer Source

The lunar forklift must have a source of power to

drive the various motors and pumps on the vehicle.

Several possibilities e>:ist to po_ler the forklift. The

possible energy sources are solar arrays, fuel cells,

thermal to electr __c convertors and batteries.

A solar array to convert the sun's energy directly

to electr_-_ty_ mould do the job. Ho_lever, the array

mould ha'-:.e to be e>_tremel_ larqe to provide enough

pomer. With the solar array attached the vehicle _ould

be unstable. Another possibility mould be to run an

extension cord to the forklift from a stationary array,

but this _ould limit the mobility of the vehicle.

Fuel cells are currently used to po_er the shuttle.

Fuel cell--electrolyzer units have the benefit of being

able to produce many kiiowatts for thousands of hours.

These units are usually quite large. The size of the

vehicle mould have to be increased thus reducing the

mobil_ty.

Thermal power generat_ns_ systems can u_e'_ heat from

vi, tuaily any source _ith the appropri _a_ _emperature.

i 1
NLc_ear reactors and radioisotopes arp t_:o commonly used

heat _ourre__- -- While thermal to electr_c_ energ_

convertors are a viable _n'=_u_on"_ to th_ po_er ___p_y_'

!
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requirement of the forklift, they are large. The risk

of in jut._4 to the astronaut is high should the device

tail. Since the device _'oL-ld have to travel with the

forklift, its structure _:ouid be subjected to various

shock and vibrational loading in addition to the ther._al

shock that would occur on the moon. The possibility of

a sudden catastrophic failure that wo-_Id endanger the

astronaut as well as the logistical problems of carr__ing

the device around rule out thermal to electric

conver tots.

Many developments in the design of primary and

rechargeable or secondary electrochemical storage

batteries have reduced _eight _tith increased life and

energy densitg per unit weight. Three systems;

nickel--caOmium, nickel--hydrogen and the alkali metal

high--energy co-_ples are the most promising for space

appl ications. The alkali metal s__stems, sodium and

lithium, are potentially the lightest in _eight, but not

the least expensive or long--lived. Nickel--cadmium

batteries have been used extensively in recent _ears

because of their good reliabilty and long life. Energy

density and design life are the two most critical

factor _on Design l _ fe refers•- s governing battere select _

to the useful l_fe of the battery. Energ_ density __J- j _

the energy stored per unit weight and is expressed in

watt--hours per kilogram, it i__ desirable i-., designing _

forklift that rechargable batteries be used thus

i



I
I
I

I
I

I
I

I
i
l

I
I

I
I

I

I

I
I

Page 26

reducing the number of batteries transported to the

moon. Batteries can be recharged from a stationar_

solar array. Another advantage of rechargable batteries

is that they allow the s_itching out of batteries

between different machines being used on the moon.

Sinre,_ thee are recharga _'_e greater conf _dence in their

ability to power other equipment is realized if the

equipment is designed to accept the batteries. Primar_

batteries_ on the other hand require clo_e._ monitoring of

_he power d_scharged before • hem can be sw_ tched out

The aiKaii high--energ_ systems show the most promise.

The nickel--cadmium s_stem is approaching the limit of

further development. Perhaps more significant advances

will be made with the nickel--hydrogen system. At this

point in time it is hard to sa_ which sy__tem _ill be the

most cost efficient however, it is known that the

forklift should be powered bg rechargable batteries.

Two batteries, one of which acts as a backup to the

other, will be used to power the forklift. One battery

while provide 36 volts for eight hours and the backup

_iii provide power for 3_ minutes. The alkali metal

group has the potential to give the highest energ_

density. Assuming that the CRC prediction of 90

A--hrs/kg energy density is valid, the forklift will

require 62_ pounds of _.__=--.es"_e_--_ to po_er _,,_-- pigh__ hour

shift.

I
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I MOTORS

I
Electric motors will play an important part in the

I
I

I

operation of the forklift. The drive system consists of

a motor and a 80:1 gear reduction at each wheel.

Variable speed, variable torque, light weight, high

efficiency are among the considerations for selecting _a

motor.

I

I
I

Permanent magnet (PM) brushless motors have several

advantages. Their ability to perform in a thermal

vacuum is well documented They are also easy to

control at high speeds with low currents. At low speeds

PM motors require large currents to achieve the desired

I

I

I

torques. High currents make DC motors difficult to

control. Demagnetization of the permanent magnet is

another important disadvantage, that must be considered

and safety factors employed.

Direct current brush type motors can also be used.

I
I

I

They have the advantage of being able to develop very

high torques at low speeds. At high speeds, however,

they develop a large counter EMF which must be overcome.

To be as efficient as the PM brushless motor, the brush

type motor must be about twice a heavy.

I
Each type of motor has certain advantages and

diadvantages. In gene_l,_ the PM motor operates better

I

I

e,a_ high speeds whi le the s _es DC brush_ type_ motor _ s

better at slow speeds. The brushles-_ motor i=_ more

I
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efficient and generates less heat because no current is

required by the rotor, therefore, no heat is generated.

The disadvantage for the_ ,_M,,motor _t_ io_ speeds can o_

el iminated by designing the motor so at high speeds only

one _uarter of the fL'li number of turns in the motor are

used. The high speed _inding _ill then have a Io_ back:

EMF. The Io_; speed _,inding that consists of the fL-11

nu,%,ber of turns in the stator _:i i I be able to produce

the high torq-_e.

The ability of the PM motor to provide a controlled

regenerative braking _hen the input command is reversed

is an important advantage over the brush type motor.

The performance of the brush type motor as a generator

is unpredictable and thus requires external braking not

required b_ the PM motor.

One other possibilty is the linear sychronous drive

concept. A sketch of the concept is sho_n in figure

LM--2. This arrangement does not require gear reduction

i

or extern_l_ braking. Heat transfer to the wheel _n_ft_"-

means no external cooling is needed.

The linear sychronous drive _ould be the optimum

choice for the drive system. Ho_ever, the technology is

still in the development stage. The next best choice is

the PM brushless motor and _t is L'sed in the design

presented here for the wheel drive and the h_udraulic

I PUPil _ .

I

I
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! WHEELS
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Not only _ __oe_ the lunar surface itself create a

problem in design of the forklift's wheel, extremely hot

temperatures create problems also. With temperatures

reaching 243 degrees Fahrenheit conventional rubber

tire_ would melt.

One alternative to the rubber tire is a track type

system sim_lar_ to a bull_o_er._- Tracks provide e._ell=ne':--- _

traction and manueverability. Their ability to turn and

to climb over small obstacles are highly advantageous

over the wheel. Tracks do provide a drawback in that

they weigh alot and have numerous moving parts.

Lubrication of the tracks would be hard to maintain, and

eventually moon dust would cause deterioration of the

tracks. The weight of the tracks and the manner in

which they operate would require a considerable amount

of torque from the drive motors. Although failure of the

forklift to operate is not being anticipated, wheels

would provide an easier method of towing or pushing in

the event of a forklift breakdown in the field.

Another method of moving the vehicle consisted of

two long cslin ° - of aoer= large diameter. The cylinders

would provide more contact area _:ith the surface than

_,ould wheels. Cylinders _ouid interfer _ith the desired

construction of the boom though, eliminating this type

of whee I .

!
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The actual design of the forklift wheel is based

on the Lunar Roving Vehicle's wheel. The wheels consist

of a rim, a spun aluminum disc, a flexible _oven _:ire

outer frame, a stiff inner frame, tread and fasteners.

The inner frame is essentiali_ a stiff spring _hich

limits the verticle and lateral deflection of the outer

fra_,e and absorbs impact loads.

The flexible outer wire frame is woven from music

wire consisting of 800 interwoven ._32 inch diameter

_:ires in a .25 inch mesh. Each _:ire is crimped at fixed

intrervals and then woven into a f'at_ mesh. The meshes

are interwoven to form a cylinder.

The tread strips are applied to the wire frame.

Each strip is secured to the woven _ire outer frame b_ a

rivet _hich passes through the tread strip and the _ire

mesh and is headed over a _asher on the back side of the

mesh. A tubular spacer between the tread strip and the

securing washer prevents clamping of the wire mesh.

The tread strips cover approximatel_ 50% of the

soil contacting surface. The wheels measure 48 inches

in diameter and are 15 inches _ide.

The aluminum alloy rims mount to a gear adapter

which is free to rotate about the spindle. Each motor

is mounted to the spindle and provides a pinion to drive

the gear The t_zo--foot gears and tour--_nch --_nions- m _ _

conta 4 In :-__n 384 teeth and 24 teeth respectively. _c_ng

pi,,_-_ _>_tend_. from _ ,_ outter side of t ,__ rim _.n the inner
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side of the gear. These pins provide for disengagement

of the wheel and --'-__, _ve motor in _a_.se of power failure.

In the =._--e_,,_:th__: the locking pin-= do have to be

removed, bearings are placed in the rims for rotation

about the gear aOapter.
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STEERING

The forklift is steered by both front and rear

wheels in a double Ackerman arrangement. Ackerman

steering denotes that the inner wheel turns a smaller

radius circle than the outer wheel. Both front and rear

wheels are capable of turning independently, but with

both sets of wheels steerable, the vehicle has much more

responsiveness.

The use of either front steering or rear steering

only was considered, but due to the difference in weight

distribution in the forklift loaded and unloaded, double

steering proved to be the most logical. The center of

gravity for the forklift unloaded lies between the

center of the wheelbase and the rear wheels. Therefore

there will be a much smaller downward force on the front

wheels than on the rear ones. With only front wheel

steering, turning may become difficult if the front

wheels can't get a good grip on the lunar surface. With

the forklift loaded, there should be no problem with

lack of _eight in the front end.

Similar to front wheel steering, rear _heel

steering contains the problem of weight distribution

also. Unloaded, the forklift can manuever with no

diff_culties._ When _ heavy load i_ applied to the

for_s, the weight shifts towards the front end leaving

little force on the rear wheels. Depending on the

I
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amount of the load, steering mae be worse than the

unloaded front :±:heei steering ca=e- .

To eliminate the problems of weight distribution

_n_ the single steering_ s_stems, both front and rear

wheel steering systems were combined to provide adequate

steering whether the forklift is loaded or unloaded.

Another consideration in steering design was an

articulated steering system in which the frame was

divided into two main sections. The sections were

connected by a large king pin positioned upright bet_:een

_h_m about it which they rotated. Articulated steer

enables all four wheels to be mounted on axles instead

of spindles, since it is the frame sections which pivot

and provide the steering and not the turning of the

wheels. Although articulated steering has proved to be

beneficial in heavy construction equipment, articulated

steering was not chosen for use in the forklift for

reasons in the frame design. The lifting structure of

the forklift requires a one--piece frame on which to be

mounted.

The final design of the steering system uses a

rack and pinion setup positioned between each set of

wheels. Powering them are two small motors. King pins

are located at each corner of the frame for attachment

of the wheels spindles, from which steering ar_s extend.

Using the Ackerman steering princi_im,-- _ the steering _, m

protrusion f_,msm_-- an angle of _S degrees _:_th_ th_

l
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spindle axle. Thus when the outside wheel Steering arm

reaches 9_ degrees _ith respect to the original spindle

location, the inside wheel steering arm has well

surpassed the 9_ degree point. The steering linkages

are fixed in length and therefore causes the inner wheel

to be turned more.

Maximum travel ot the steering linkages results in

an outter wheel angle of 19 degrees and an inner wheel

angl_ ot 4_ degrees This qives the forkl_ft _ min _

turn _" adi,_ of i _ f_ t
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THERMAL PROTECTICiN SYSTEMS

Heat S _ '

A passive cooling system was selected to keep the

hydraulic fluid _ithin acceptable temperature limits.

This passive cooling system also helps to keep the total

weight of the forklift down. Keeping _eight as Io_ as

possible is important, especially when the high cost of

transporting mass to the moon is consisdered. The

battery unit would have to be larger to accomodate a

powered cooling system and this larger battery unit

would add weight to the vehicle.

Essentially the cooling system for this forklift is

composed of a hinged metallic block _ith five holes

drilled through to allo_ the hydraul4c I _ __ne_ to make

five passes through the block. While the fluid is

within the block, it will give up heat to the block.

Over a period of time the block's temperature will

approach the temperature of the fluid. Once the block

gets to a certain temperature, it will be removed and a

second block which has been previously cooled _ill be

attached to the hydraulic lines. The hot block will be

taken back to be cooled down so it can be used again.

Wh_ le the bloclr _ _ _ , _ _........ n pla_e coolin-- th_ hydraL_lic fluid,

it _:ill be neccessary to inclose, it in some type _nf

housing painted _:ith a reflective paint. This housing

!
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will prevent the block from absorbing heat from the sun.

Witho_t a housing, the block will need to be changed

much more often. The hydraulic reservoir will be

provided _:ith a radiation shielding.

The hydraulic fluid must be kept between 150--208

degrees Fahrenheit in order for the hydraulic system to

opera_._ efficientlu_. Tf_ _=_- not critical_ to cool the

electric motors down because they can still operate at

high temperatures and they will be shaded from the sun's

rays by a radiation shield.

The cooling block _,ill come in two parts which are

connected by two hinges. The block can be opened and

closed onto the hydraulic lines. A latch will fasten

the halves together with enough force to ensure a snug

fit onto the hydraulic lines. The cooling effect will

not be as great for a loose fit as it would be for a

tight fit.

In the mathematical analysis of this cooling

system, it __ assumed that Newton _ heat __an _ng will take

place between the block and the hydraulic fluid.

Ne_tonian heating is valid as long as the temperature

throughout the block is uniform. Materials with a high

value of thermal conductivit_ will support the

assumption of Ne_ztonian heating. Aluminum and copper

appeared to be the best n_aterials to use for the block,

but aluminum wiil be useo on the IL_nar forklift becaL;se

it has a high value of theru_ai conductivit_ and it is

!
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I i ght_,eight.

It is important to keep the thickness of the block

bet_een the outer sL'rface _,_=,.n,,-'!,._,the hydraLJ, li_ lines _as

small as possibl_ If the block is too thick,_ - - - t he

assumption of Ne_tonian heat _ .__ng star*_ to break do_:n.

For a th _ ck block, the r_ _'hic _re_gions h - farthest from

hydraL.'lic l_nes_ _i_in_,, the block wil_l be cooler than the

regions of the block _hic., are closer to the lines.

This condition creates a non--uniform temperature

throL_ghout the block thus disturbing the assL'mption o,_

Newtonian heating. Even for a thin block, the

temperature distribution wi I I be non--uniform, but the

variatio,,_-_ of temperature _ould be negl_able, due to the

large value of thermal conductivity.

The Reynold's number, evaluated for the flo_: of the

hydraulic fluid within the block, was found to be lo_er

than _'_. Laminar flo_ is assumed to be taking place.

The heat--transfer coefficient for laminar fIow in tL_bes

for (RePrD/L) > i_ can be evaluated from an empirical

correlation suggested be Sieder and Tare.

-__- l .__,(_ _',-__°" "( _/LI°__(.'-,,./_ __°''_
Where Ub is the viscomity at the bulk temperatL;re and Us

._s the-_ viscosity at the _all temperature. The

heat--transfer coefficient was found fron, the to!lowing

e_uat _ on :

P.y equating the rate of heat transfer b'_4 convection

!
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t_ the block to the rate of change of the internal

energ_ of the L,_'ock. A function --_,_l_tina _-- the

temperature of the bloc_ to the time _'apsed is derived:

_here Tf is the temperature o@ the fluid and Ti is the

initi _ temperature of ehe block. The m_s__ of the block

is m and it'__ spec_fic_ heat is c. The surface area of

the section of the pipe running through the block is A

and h is the heat--transfer coefficient. This fu_ction

indicates ho_ often the biock _il i need to be cha;,ged.

A heat sink _hich _eighs approximately 158 poL_nds

_ill keep the h_draulic fluid _ithin the desired

temperature range. The block _ill need to be changed

approximately once ever_ two hours _ith cont_nous

operation if it i_ installed at an initial temperature

of --5_ degrees Fahreneit. When the block reaches a

temperature of 16_ degrees Fahrenheit, it should be

changed because it _ill not be capable of cooling the

fluid enough.
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RADIATION SHEILDING

Several factors must be considered concerning

thermal control of any lunar vehicle. Heat is gained

from direct solar radiation, solar radiation reflected

from the lunar surface, radiation emitted from the lunar

surface, internaiiy genera _ "- _eo power, and radiation

reflexive- _ ' or emitted from the shields.

The hydraulic fluid used in this fork lift must not

exceed a temperature of two hundred degrees Fahrenheit.

The fiu_d_ must be shielded from the environment in _om=_ --

_ay=

The electrical components must also be shielded

from radiation. Noisy electrical discharges as well as

degradation mechanisms which attack the surface and

lattice structure of silicon may make e!ectronics

unreliable. The forward current output and recovery time

of diodes is decreased. Additional problems occur _ith

transister gain.

Layers of thin insulation may be used to help

combat these problems. Multilayer insulations usually

cons_st_ of very thin poiyimide f_Ims_ that have aluminum

or gold vacuum deposited on one or both sides. This type

of thermal control would be unacceptable for anything

that generates heat since this heat _ould have no

outlet.

Thermal coatings and radiatin-_.. _hiei_s_ _ are

!
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effective enough to keep the surface temperature between

sixty and ninety degrees Fahrenheit. This wo_lld be ideal

for _,ost fork lift appl_cations.

The use of thermal coatings _ith very Io_ ratios

of solar absorptance to ther_al emittance are qdite

effective. These coatings, however, may be damaged or

degrade some_hat under radioactive exposure. In

addition, the radiation from the hot lunar surface may

still cause higher temperatures even with the coatings.

White paint is the coating of choice. The chassis, boom,

and all reiatively non--heat--sensitive parts of the fork

lift are coate_ mith such a thermal barrier. The

aluminum structure of the lift mill not suffer great

losses in strength or durability if the coating should

fail. When the vehicle is illuminated from one side,

however, a large temperature gradient may result from

one side of the frame to the other,( from the sun lit

side to the shaded side), even though the skin

conductance is large.

Radiation shields can also be used as a method of

thermal control for vehicles on the lunar surface. The

shields can effectivelw isolate the vehicle from both

solar and lunar radiation during the daytime. These

shields would be used only in critical areas on the

lunar fork lift. These areas would include motors,

batteries, electronic equipment, as ___ a__ any exposeo

h_draulic reservoirs, lines or pistons.
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INSTRUMENTATION

The lunar forklift is controlled by means of a

remote unit warn by the astronaut. This lets the

operator position himself in the best possible viewing

position during operation. In addition, weight and

balance considerations were reduced dur_ _ng the design

process. The remote control unit is warn on the stomach

of the operator and control led by six levers (joy

sticks). It straps on and is separately powered, with a

viewing pan_i e>-tend __ng from the base by flexible metal

tubes. The -viewing panel displays vital information

about battery power and motor temperature. The unit is

enciosed in aluminum and must be well shielded from

radiation. Radiation will begin to destroy the

semiconductor characteristics as _ell as cause

electrical discharges which would interfere with the

transmission of the data from the remote unit. The

aluminum -- "ca=ing must also be completely sealeo. Dust

boots made of --=p_cea suit material cover the base of the

joy sticks to keep lunar dust out. The signals from the

control transm _ teer are ___ r=re_ved by the central

microcomputer aboard the forklift.

Power from the bateeries_ leads directl--" ineo

circuit breakers and into the microcomputer control box.

.... circuit breakers provid_= circuit pr_ _n,_ect _on as wel '

a_ a means of shutting .--.- --"_Tf the torkl 4 tt po.'±'e,--. ;ne

!
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mlcroco_,puter controls all aspects of the forklifts

operation. This unit is also sealed and shielded. The

one piece design allows the computer to be replaced with

little difficulty should any _alfunction occur.

The hydraulic cylinder control unit also controls

the hydraulic pump, to keep the pressure at operational

levels without the pump running continuously. The

cylinder control unit is powered and cont n'r_._led by the

central computer by commands transmitted by the

operator.

Heaters for the hydraulic cylinders are provided so

hydraulic fluid _ill not leak when the_ get cold. A

temperature controlled relay switch turns the heaters

on.

The speed indicator activates the reverse light and

a low po_er transmieter,_ __ a warning when it _enses_ the

wheel rotating backwards. This control procedure takes

place in the central microcomputer housing to minimize

the chance ot failure. Deceleration will cause the

speeo sensing oevice to activate brake lights. This

aiso means brake lights _:iil appear during some turning

procedures.

The microcomputer, batteries and hydraulic pump are

located at the rear of the lift to provide ballast. The

frame is .,_de-_ of aluminum, --=o. the chassis can be used as

a ground. This greatly simplifies wiring and

reliaoility.

I
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CON CLUS _.TONS

The lunar forklift oue'._._._ned here is e>_pected to

meet ai i _he design criteron set forth in the problem

statement. A _e=t bed to simula_e the moon's

environment can be constructed to qualify the d_ign.

B.y supporting,, 5/6 of the forklift's weight _ith c_bies,a•

the effect of gravit.4 on stability can be stL-died. The

h_drua _ i_ cy: _ d----_ must be qual _-- n_=, _ _fied for c,=e at

elevated temperatures in a vacuum by testi--,,g on _r_h___ ._ i n

a vacuum n_ _n space on the shuttie

Several fai _'__a_e mechan __sms are bL'ilt into the

f_,n--ki_ _ ft to insure its_ --a==fe operation. A spare batter__

is provided to power the motors and related electronics

in c _e the ma _ , --a_ _n battere _ails. Ihis backup syste,%_

_'ouio al io_" the astrona.'__t to finish the present task and

return to th_ base.

Doc-ble action hydraulic cylinders prevent raised

loads from fai i ing so fast that they might crush anyone

underneath them. Instead, the load would n_=cend__ d

sio_iy, allowing the astronaut time to get out of the

u_,ay Values in the hydraulic fluid lin_ , that cl_st _S r3 e

_hen a sudden pressc-re drop i__ experienced,_ • prevent

_u_iO from being evacu.'ated from the c_i __nde, =. ; hi_ _=

precaution provides protectJ ..... f, om _a ru'pture n_f the

h_drau_ _ _-- I _ nes A _ ' _ ai. ,,_nd crane_ on _,,_ pump lo_'s _heii i L_

__t; onaut to manL:azi'_--" raise and lo_:er the load --_-ho-.'id

I
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the PL.'_F_p 9aI i t_iU_S ai lo_:ing the present task" to be

completed betore '_-a"'_g to etL_rn _ the base

Lock zng pins in _,,__-_--"._-'heel- _.I low anw whee _'_ _n._, be

di_connezte_ shouid a _ _"_ , _ _ _L're occur in the drive system.

_-_ _ _ =e -ins tan al_n be,,,_ , roB: _.,,_--d--__a--,_ , _e, -_-'ssemb] i----:__ _,_.

disengaged should failure occur. ManL_al steering _,ith a

hand cranP is also provided in case the steering

eiectroni._= fail.

F_-_".,.,,_,.._.,.--,'e,thermal relays -hat_ _'--''"-_,,,_,,.down all the

torkiitts s_stems by disconnecting the batter_ are

p.rovided. These s_'itches monitor the temperature of the

bat__erles, motors and tooling system and prevent these

s__stems from overheating during operation.



I

I

I

I

I

I

I

I

I

-I

I

I

I

I

I

I

I

I

Page 45

REFERENCES

Askel_,,and, _._"R. , The Science_ _ and Enqineering of Materials

Wads_:orth, Be-niont, Ca. ,_ 1984.

Baume _ster, T. , Editor, _--'--'s Handbook for Mechanical

-- -- ---- McGra_:--Hili Book Company,_n__n__inee, _, _ New York, !978.

Blodgett, Omer W., Design of Weidments, The James F.

Lincoln Arc Welding Foundation, Cleveland, Ohio,
1976.

Boresi, A. P. and O.M. Sioebottom, Advanced Mechani__ of

Mater'als, 4_t Ed _ tion,_ _ _ John Wiley and Sons,
Ne_ York, 1985.

B.ruhn, E.F. , Anai4sis anO Design- of FI _ght V_,,_ cie

_ ' S R. Jacobs & _ s -ia T_. r_ctures, . 1973.- _s o_ tes, _nc ,

stes, ._., - - -- _ MobilitB_o N _ 0 E Farmer and _ B. _eorge,

Performance of the Lunar RovinB Vehicl_, NASA Report
# TR R--4_i, 1972.

Dieter, G., Engineerin9 Design, McGraw--Hill

Book Company, New York, 1983.

Hord, P.M., CRC Handbook of Space and Technology: Statu_

and Projections, CRC Press, Boca Raton, FL., 1985.

U..draul. c Handbook:,,,_ _ Trade and Technical Press Ltd. ,

-- _' _967.Moroen, Surrey, _nglano,

Jones, C.S. and Frank J. Nola, Mobility Swstems Activit_

for Lunar Rovers at MSFC, NASA Report

# TM X--64623, 1971.

Jones, F.R. and W.H. Aldred, Farm Po_'er and Tractors,

McGra_--Hill, Ne_ York, 1980.

Jones, R.M., Mechan _cs of Composite Materiais, McGraw:-

Hill Book Company, Ne_ York, 1 °,.__

Kreith, Frank and W.Z Black, Ba• s_c Heat Transfer, Harper

and Ro_ Pubi_her__ s, New York, 1980.

Lienhard, John H., A Heat Transfer Text Book, Prentice

-- . _' IOO IHail, _ngle:!_ood Cliffs, ,.J., ._

_c_KinleM, Joe W., ..... F"_damentals of Stress Analesis,

Matrix Publishers, Inc., Beaverton, Oregon, 1979.

NASA Astronautics Design Manual, 1970

I



I

I
I

i
I

I
I

I
I
.I

i
I

I
I

I

I
I

I
I

APPENDIX A

Design Analysis (CalcL',lations>
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1

93"

78"

78"

52"

52"

14"

CHASSIS WEISHT ANALYSIS

4" x 1" x 0.25"

4" x 1 " x 0.25"

4" X 2" x 0.25"

4" x 5" x 0.25"

BOX BEAM

BOX BEAM

BOX BEAM

BOX BEAM

2.5" x 2.5" x 0.25" CHANNEL

1.5" x 0.25" TUBING

54" x 39" x 0.25" PLATE

(FRAME)

(FRAME)

(FRAME)

(HYDR. SUPP.)

(TRUSS SUPP.)

(AXLE BRACE)

(BALLAST SUPP.)

TOTAL

DENSITY OF ALUMINUM = 0.1 ib/in s

TOTAL WEIGHT ON EARTH = 167.5 lb

TOTAL WEISHT ON MQN]N m 28 lb

419 in m

176 in s

215 in _

221 in s

195 in =

55 in =

392 in s

1675 in m

5
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Cylinder name: Boom Extension

Material: 1050 Cold Drawn Steel

Actual load:

Extension:

Factor of Safety:

Modulus of Elasticity:

Yield Strength:

Density:

936

72

5

3E+07

84000

.282

(ib)
(in)

(psi)

(psi)
(Ib/cu in)

I
I

I
I

I
I

I

I
I
I

Piston Diameter:

Cylinder Bore Diameter:

Cylinder Wall Thickness:

Cylinder End Thickness:

Cylinder Outside Diameter:

Cylinder Body Length:
Cylinder Length Extended:

Cylinder Length Closed:

Weight Empty:

Weight Extended with Fluid:

Weight Closed with Fluid:

1.13668

1.72609

.125623

.276309

1.97733

72.8289

144.829

72.8289

36.0458

41.454

38.4091

(in)

(in)

(in)

(in)

(in)

(in)

(in)

(in)

(ib)

(ib)

(ib)

I
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Cylinder name: Boom Tilt

Material: 1050 Cold Drawn Steel

Actual load:

Extension:

Factor of Safety:

Modulus of Elasticity:

Yield Strength:
Density:

5600

48

5

3E+07
84000

.282

(ib)

(in)

(psi)

(psi)
(ib/cu in)

I
I

I
I

I

I
I

I

I
I

Piston Diameter:

Cylinder Bore Diameter:

Cylinder Wall Thickness:

Cylinder End Thickness:

Cylinder Outside Diameter:

Cylinder Body Length:

Cylinder Length Extended:

Cylinder Length Closed:

Weight Empty:

Weight Extended with Fluid:

Weight Closed with Fluid:

1.45152

4.22201

.307273

.675852
4.83655

50.0276

98.0276

50.0276

90.4194

111.991

93.0408

(in)

(in)

(in)

(in)

(in)

(in)

(in)

(in)

(ib)

(ib)

(ib)

I
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Cylinder name: Outrigger

Material: 1050 Cold Drawn Steel

Actual load:

Extension:

Factor of Safety:

600

24

5

Modulus of Elasticity:

Yield Strength:

Density:

3E+07

84000

.282

(ib)
(in)

(psi)

(psi)
(Ib/cu in)

I
I

I

I
I
I

I

I

I

I

Piston Diameter:

Cylinder Bore Diameter:

Cylinder Wall Thickness:

Cylinder End Thickness:

Cylinder Outside Diameter:

Cylinder Body Length:

Cylinder Length Extended:

Cylinder Length Closed:

Weight Empty:
Weight Extended with Fluid:

Weight Closed with Fluid:

.587216

1.38198

.100579

.221224

1.58313

24.6637

48.6637

24.6637

5.31338

6.46898

5.52587

(in)

(in)

(in)

(in)

(in)
(in)

(in)

(in)

(ib)

(ib)

(Ib)

I



Cylinder name: Boom Tilt

Material: C27000 Yellow Brass

Actual load:

Extension:

Factor of Safety:

Modulus o_ Elasticity:

Yield Strength:
Density:

5600

48

5

1.54E+07

60200

.309

(Ib)

(in)

(psi)

(psi)
(Ib/cu in)

Piston Diameter:

Cylinder Bore Diameter:

Cylinder Wall Thickness:

Cylinder End Thickness:
Cylinder Outside Diameter:

Cylinder Body Length:

Cylinder Length Extended:

Cylinder Length Closed:

Weight Empty:

Weight Extended with Fluid:

Weight Closed with Fluid:

1.71483

4.22201

.471398

.852532

5.1648

50.5576

98.5576

50.5576

150.243

171.814

153.928

(in)

(in)

(in)

(in)
(in)

(in)

(in)

(in)

(ib)

(Ib)

(ib)



II

B
II

II

II
II
II

D

Cylinder name: Boom Extension

Material: C27000 Yellow Brass

Actual load:

Extension:

Factor of Safety:

936

72

5

Modulus of Elasticity:

Yield Strength:

Density:

1.54E+07

60200

.309

(ib)

(in)

(psi)

(psi)
(Ib/cu in)

D
i

II
II

II
II

II

II
II
II

Piston Diameter:

Cylinder Bore Diameter:

Cylinder Wall Thickness:

Cylinder End Thickness:

Cylinder Outside Diameter:

Cylinder Body Length:

Cylinder Length Extended:

Cylinder Length Closed:

Weight Empty:
Weight Extended with Fluid:

Weight Closed with Fluid:

1.34289

1.72609

.192722

.348542

2.11153

73.0456

145.046

73.0456

58.2387

63.6469

61.5438

(in)

(in)

(in)

(in)

(in)
(in)

(in)

(in)

(ib)

(ib)

(ib)

!



I

l
II

I
I

II
I

l

Cylinder name: Fork Tilt

Material: C27000 Yellow Brass

Actual load:

Extension:

Factor of Safety:

5600

18

5

Modulus of Elasticity:

Yield Strength:

Density:

1.54E+07

60200

.309

(ib)

(in)

(psi)

(psi)
(ib/cu in)

l
I

l
I

I
I

I

I
i
I

Piston Diameter:

Cylinder Bore Diameter:

Cylinder WallThickness:

Cylinder End Thickness:

Cylinder Outside Diameter:

Cylinder Body Length:

Cylinder Length Extended:

Cylinder Length Closed:

Weight Empty:
Weight Extended with Fluid:

Weight Closed with Fluid:

1.05012

4.22201

.471398

.852532

5.1648

20.5576

38.5576

20.5576

56.3719

64.4611

56.9198

(in)

(in)

(in)

(in)

(in)

(in)

(in)

(in)

(ib)

(ib)

(ib)

I



I

l

I
l

I
I

I

l

Cylinder name: Outrigger

Material: C27000 Yellow Brass

Actual load:

Extension:

Factor of Safety:

600

24

5

Modulus of Elasticity:

Yield Strength:
Density:

1.54E+07

60200

.309

(ib)

(in)

(psi)

(psi)
(ib/cu in)

l
I
i

I
I

I
I

I
I

I

I

Piston Diameter:

Cylinder Bore Diameter:

Cylinder Wall Thickness:

Cylinder End Thickness:

Cylinder Outside Diameter:

Cylinder Body Length:

Cylinder Length Extended:

Cylinder Length Closed:

Weight Empty:

Weight Extended with Fluid:

Weight Closed with Fluid:

.693742

1.38198

.154301

.279057

1.69058

24.8372

48.8372

24.8372

8.77824

9.93384

9.07622

(in)

(in)

(in)

(in)

(in)

(in)

(in)

(in)

(ib)

(Ib)

(ib)
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I
I
l

I
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Cylinder name: Fork Tilt

Material: 1050 Cold Drawn Steel

Actual load:

Extension:

Factor of Safety:

5600

18

5

Modulus of Elasticity:

Yield Strength:
Density:

3E+07

84000

.282

(Ib)

(in)

(psi)

(psi)

(ib/cu in)

l
I
l

I
I

I
i

I
I
I

Piston Diameter:

Cylinder Bore Diameter:

Cylinder Wall Thickness:

Cylinder End Thickness:
Cylinder Outside Diameter:

Cylinder Body Length:

Cylinder Length Extended:

Cylinder Length Closed:

Weight Empty:
Weight Extended with Fluid:

Weight Closed with Fluid:

.888869

4.22201

.307273

.675852

4.83655

20.0276

38.0276

20.0276

34.1814

42.2706

34.5668

(in)

(in)

(in)

(in)

(in)

(in)

(in)

(in)

(Ib)

(ib)

(Ib)

I



Cylinder name: Boom Tilt

Material: 4032-T6 Wrought Aluminum Alloy

Actual load:

Extension:

Factor of Safety:

5600 (ib)

48 (in)

5

Modulus of Elasticity:

Yield Strength:

Density:

1.03E+07

46000

.098

(psi)

(psi)

(ib/cu in)

Piston Diameter:

Cylinder Bore Diameter:

Cylinder Wall Thickness:

Cylinder End Thickness:
Cylinder Outside Diameter:

Cylinder Body Length:

Cylinder Length Extended:

Cylinder Length Closed:

Weight Empty:

Weight Extended with Fluid:

Weight Closed with Fluid:

1.89624

4.22201

.69327

1.05907

5.60855
51.1772

99.1772

51.1772

69.1127

90.6839

73.656

(in)

(in)

(in)

(in)

(in)

(in)

(in)

(in)

(Ib)

(ib)

(ib)



l

l
I
I

I
I
I

l

Cylinder name: Boom Extension

Material: 4032-T6 Wrought Aluminum Alloy

Actual load:

Extension:

Factor of Safety:

936 (Ib)

72 (in)

5

Modulus of Elasticity:

Yield Strength:

Density:

1.03E+07

46000

.098

(psi)

(psi)

(ib/cu in)

l

I
l
I

l

I
I

I
I
I

Piston Diameter:

Cylinder Bore Diameter:

Cylinder Wall Thickness:

Cylinder End Thickness:

Cylinder Outside Diameter:

Cylinder Body Length:

Cylinder Length Extended:

Cylinder Length Closed:

Weight Empty:
Weight Extended with Fluid:

Weight Closed with Fluid:

1.48495

1.72609

.28343

.432983

2.29295

73.299

145.299

73.299

25.2192

30.6274

29.27

(in)

(in)

(in)

(in)
(in)

(in)

(in)

(in)

(Ib)

(ib)

(ib)

I
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I

I
I
l

I

i

Cylinder name: Fork Tilt

Material: 4032-T6 Wrought Aluminum Alloy

Actual load:
Extension:

Factor of Safety:

Modulus of Elasticity:

Yield Strength:

Density:

5600 (lb)
18 (in)

5

1.03E+07

46000

.098

(psi)

(psi)
(ib/cu in)

I
I
I

I
I

a
I

Piston Diameter:

Cylinder Bore Diameter:

Cylinder Wall Thickness:

Cylinder End Thickness:

Cylinder Outside Diameter:

Cylinder Body Length:

Cylinder Length Extended:

Cylinder Length Closed:

Weight Empty:
Weight Extended with Fluid:

Weight Closed with Fluid:

1.1612

4.22201

.69327

1.05907

5.60855

21.1772

39.1772

21.1772

26.2226

34.3118

26.9065

(in)

(in)

(in)

(in)

(in)

(in)

(in)

(in)

(ib)

(ib)

(Ib)

!
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I
I

I
I

I

Cylinder name: Outrigger

Material: 4032-T6 Wrought Aluminum Alloy

Actual load:

Extension:

Factor of Safety:

600 (ib)

24 (in)
5

Modulus of Elasticity:
Yield Strength:

Density:

1.03E+07

46000

.098

(psi)

(psi)

(ib/cu in)

I
I

I
I

I
I

I

I
I

I

Piston Diameter:

Cylinder Bore Diameter:

Cylinder Wall Thickness:

Cylinder End Thickness:

Cylinder Outside Diameter:

Cylinder Body Length:

Cylinder Length Extended:

Cylinder Length Closed:

Weight Empty:

Weight Extended with Fluid:

Weight Closed with Fluid:

.76713

1.38198

.226926

.346664

1.83583

25.04

49.04

25.04

3.97668

5.13228

4.34304

(in)

(in)

(in)

(in)

(in)

(in)

(in)

(in)

(Ib)

(Ib)

(ib)

I
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APPENDIX B

Design Drawings



I
I
l

I
l
I

I

I
I
I
I

I
i

I

I
I

i
I

i

_f . -,1 /'

/

//

r_ r_

i

i
r

i i

I "Q

o_

,p

"2

Lu

",,,I



I
I
I

I
l

l

I
l
l
l

I
i
I

I

i

I
l
i

__ r,

J
J

!I

i

I....

. _l /Jl I

r
L_L

i,

J

i

I

\

Ii

N

_d

!



I
l
I

I
I

I
I
!
!
l
I
I

I

I
I

I
I
I

t
i
I

I

!

f



I

li
II

l
II
i

I
,!i

II
i

i
i
!

!

!

l
!
D

II

,_ _ o_"_'

o '

,l

I.z_'" I

I
1

©
¢

!,
(3

,_______

----_.

____t

|f_a"

I

P_:_ /r/,_-,_/_L. • ,:/_z-'-7"_,



I

I
I
I

I
i

I
I

I
I
I

I
I

I
I

I
l

I
I

Z.o o.1;,.

_'_ u.l_L."r'e_._

/
/
t

!-

L
la

I

i

i
I

J



I

l
I

l
i
l

l

l
i
I

I
I
I

I
l

I
I

l

I

U
----: ----_ _-i-I

m

z

I_l--ti?'.

i

q_

0



II

D
I
II

II
l

II
I

I
I
I
I

I

I
I

I
I

I
I

CHASStS

.......
II
I

iI

iI
iI
,I
II

It

It

II

II

II

II

II

|1

O.Zf

L
qr=

ql

LL
_'2.7$

_&.O

68.7S

q6.0

I0.0

m.--

_J
_o

0

i r

-- t20.o



I
I

I
I
I

I

I
I
I
I

I
I

I
I

I

I
I

I
I

J SCA LE : _
I .............



|

'Ib

C::

r

I

[
I

I

I

I

I
I

I
I

I

i
t

t
J

I

j

_llllil!ltlllllll_lllul alllllllllltJ itflfltlt fill i Ililt (_lllllllllllllllllll

I
IItl l_lil lllllllt#t, _

0 0 0 ¢)

!



!
!
!

I
i

I
!

i
e

g

I

i
l

I

I

l

I
i

!



I

l
II

II
I
i

I
g

II
I
I

II
i

I
I

i

e
II
II

I

C_

t!

! ;

i oi

j O;

t

_o;

I

i .



I

I
I

I
I
I

I
I

I
I

l
I
I

I
I

I
l

l
I

-4---

i'i
I

i
i

J

/

l

J

i

i,, I

¢i

f i



I

I
I

I
I

I
I

I
I
I

I
I
I

I

I
I

I
I

I

o

J

|

|

i

V

at

_2

t,t

t_

K

MI

V



I

I
I

I
I

l
I

i
l
l

I
I
l

I

I
I

l
I

WI _ T _.,_.... DIAGRAM KEY

-7
• m

S.

9.
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A. BATTERY TEMPERATURE SENDER

3. REVERSE WARNING LIGHT

4. LOW POWER REVERSE WARNING AUDIO TRANSMITTER

5. CIRCUIT BREAKERS

A. FOUR WHEEL MOTORS

B. HYDRAULIC PUMP

C. STEERING MOTORS

D. ADDITIONAL EQUIPMENT

6. WHEEL DRIVE MOTORS

A. WHEEL TEMPERATURE SENDER
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RECEIVER -- MICROCOMPUTER

HYDRAULIC CYLINDER CONTROL UNIT
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Ii. TEMPERATURE RELAY -- SWITCHES ON HEATERS FOR SEALS ON
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12. HEATERS FOR HYDRAULIC CYLINDER SEALS

13. STEERING MOTOR (FRONT)

A. FRONT STEERING MOTOR TEMPERATURE SENDER
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APPENDIX C

Computer Programs
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COMPOSITE LAMINATE SIZING PROGRAM

This program is an interactive optimization program designed to run

on an IBM PC using BASIC. It will find a minimum thickness laminate

which will-not fail under any of the load condition entered. As the

program is currently dimensioned, four independent load combinations

and 6-ply orientations can be entered. Only point stresses are

considered, thus the program optimizes the laminate only at one point

in the structure. Also, the program assumes in-plane loads only and

no out-of-plane deflections. This implies a symmetric laminate, but

stacking sequence is not a factor in the program. The layer

thickness generated by the program is the total and must be divided

by 2 to get the halves of a symmetric laminate.

10 DEFINT I-P:DEFDBL F

20 DIM A(3,3),B(6,9),C(6,6),D(3,3},G(3,3),XN(4,3),AI(3,3),Q(3,3),H(6),R(3),

S(3),T(6),U(5),V(7),X(6),Y(3),Z(6),E(4,3)

30 DIM C%(10,2)

40 DEF FNRAD(X)=X/57.29578

50 DEF FNRAD(X)=X/57.29578

60 RESTORE

70 READ IMAX,E2,E5,E6

80 ITER = 1

90 GOSUB 2530

100 PRINT "CORRECTIONS":INPUT "(Y/N)";A$

110 IF A$="Y" THEN 90

120 CLS: PRINT"WORKING":PRINT "ITERATION";ITER

130 GOSUB 2900

140 GOSUB 2320

150 GOSUB 2180

160 GOSUB 1660 o

170 CLS:PRINT "WORKING": PRINT "ITERATION";ITER

180 IF F$="FAIL °' THEN 3160

190 SOSUB 1340

200 I_=ITER+I

210 IF F$="FAIL" OR ITER > IMAX THEN 3160

220 GOTO 160

230 REM ** CONSTRAINT TEST**

240 G$="PASS":NC=O

250 FOR P = 1 TO NPLY

260 IF H(P) = 0 THEN 430

270 II=P: GOSUB 1200

280 FOR N=I TO NL

290 FCON =-1

300 FOR K=I TO 3

310 FOR J=l TO 3

320 FCON = FCON + G(K,J)*E(N,J)*E(N,K)

330 NEXT J

340 FCON =FCON+S(K)*E(N,K)

350 NEXT K

360 IF FCON>O THEN G$="FAIL":RETURN

370 IF FCON<-ES THEN 410
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380 NC=NC+I

390 C%(NC,1)=P

400 C%(NC,2)=N

410 NEXT N

420 NEXT P

430 RETURN

440 REM ** GRADIENT **

450 UNORM=O

460 II=P:GOSUB 1200

470 FOR L=I TO NPLY

480 IF H(L) = 0 THEN 680

490 II=L:GOSUB 1090

500 FOR J=l TO 3

510 R(J)=O

520 FOR K = 1 TO 3

530 R(J) = R(J)-Q(J,K)*E(N,K)

540 NEXT K,J

550 FOR J=l TO 3

56O Y(J) = 0

570 FOR K = 1 TO 3

580 Y(J)=Y(J)+AI(J,K)*R(K)

590 NEXT K,J

600 Z(L)=O

610 FOR J=l TO 3

620 FOR K=I TO 3

630 Z(L)=Z(L)+G(J,K)*(Y(J)*E(N,K)+E(N,J).y(K))

640 NEXT K

650 Z(L)=Z(L)+S(J)*Y(J)

660 NEXT 3

670 UNORM=UNORM+Z(L)*Z(L)

680NEXT L

690 UNORM=SQR(UNORM)

700 FOR L=I TO NPLY

710 Z(L)=Z(L)/UNORM

720 NEXT L

730 RETURN

740 REM ** STRAINS **

750 DIM F(3,3)

7bO FOR I=1 TO 3

770 FOR J=l TO 3

780 F(I,J)=A(I,J)+D(I,J).S

790 NEXT J,I

800 DET#=F(1,1)*F(_,2}*_3,3}+2*F(1,2)*F(2,3)*F_1,3}--I_2,2}._l,3).F(1,3)-

F(1,1)*F(2,3)*F(2,3)-F(3,3).F(1,2).F(1,2)

810 AI(1,1)=(F(2,2)*F(3,3)-F(2,3)*F(2,3))/DET#

820 AI(2,2)=(F(1,1)*F(3,3)-F(1,3)*F(1,3))/DET#

830 AI(1,2)=(F(1,3)*F(2,3)-F(1,2)*F(3,3))/DET#

840 AI(3,3)=(F(1,1)*F(2,2)-F(1,2)*F(1,e))/DET#

850 AI(1,3)=(F(1,2)*F(e,3)-F(e,2)*F(1,3))/DET#

860 AI(2,3)=(F(1,2)*F(1,3)-F(1,1)*F(2,3))/DET#

870 AI(2,1)=AI(1,2):AI(3,2)=AI(2,3):AI(3,1)=AI(1,3)
880 ERASE F

890 FOR I = 1 TO NL

900 FOR J =1 TO 3

910 E(I,J)=O

920 FOR K = 1 TO 3

930 E(I,J)=E(I,J)+AI(J,K).XN(I,K)

940 NEXT K,J,I

950 RETURN

960 REM ** A MATRIX **
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970 FOR I = 1 TO 3

980 FOR _ =1 TO 3

990 A(I,J)=O:D(I,J)=O

1000 NEXT J,I

1010 FOR I =1 TO NPLY

1020 II=I:GOSUB 1090

1030 FOR J=l TO 3

1040 FOR K=I TO 3

1050 A(J,K)=A(J,K)+Q(J,K)*H(I)

1060 D(J,K)=D(J,K)+Q(J,K)*Z(I)

1070 NEXT K,_,I

1080 RETURN

1090 REM ** FORM Q **

1100 Q(1,1)=C(II,1)

1110 Q(I,2)=C(II,3)

1120 Q(1,3)=C(II,5)

1130 Q(3,1)=C(II,5)

1140 Q(3,2)=C(II,6)

1150 Q(3,3)=C(II,4)

1160 Q(2,3)=C(II,6)

1170 Q(2,2)=C(II,2)

1180 Q(e,1)=C(II,3)

1190 RETURN

1200 REM ** FORM G **

1210 G(1,1)=B(II,1)

1220 G(1,2)=B(II,3)

1230 G(1,3)=B(II,5)

1240 G(2,1)=B(II,3)

1250 G(2,2)=B(II,2)

1260 G(2,3)=B(II,6)

1270 G(3,1)=B(II,5)

1280 G(3,2)=B(II,6)

1290 G(3,3)=B(II,4)

1300 S(1)=B(II,7)

1310 S(2)=B(II,8)

1320 S(3)=B(II,9)

1330 RETURN

1340 REM ** NEW H VECTOR **

1350 SMAX=IE+IO

1360 FOR I=1 TO NPLY

1370 IF Z(I)<>O THEN S=-H(I)/Z(1)

1380 IF S>O AND S<SMAX THEN SMAX=S

1390 NEXT I

1400 F$=""

1410 IF SMAX> 10 THEN F$="FAIL": RETURN

1420 SI=O:S2=SMAX:S=SMAX

1430 IF NC=O THEN 1570

1440 GOSUB 740:GOSUB 230

1450 IF G$="FAIL" THEN $2=S ELSE SI=S

1460 IF SI=SMAX THE 1510

1470 S=($1+$2)/2

1480 IF S2-SI<Ee AND $1=0 THEN F$="FAIL": S=O: GOTO 1630

1490 IF $1/($2-$1)<4 THEN 1440

1500 S=S/2

1510 SREF=O

1520 FOR I= 1 TO NPLY

1530 H(I)=H(I)+Z(I)*S

1540 IF H(I)<E2 THEN H(I)=O

1550 SREF=SREF+H(I)*H(I)

1560 NEXT I
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1570 S=O:SREF=SQR(SREF)

1580 GOSUB 960:GOSU8 740:GOSUB 2010

1590 IF SREF-S<E2 THEN F$="FAIL"

1600 FOR I= 1 TO NPLY

1610 H(I)=H(I)*S/SREF

1620 NEXT I

1630 S=O

1640 GOSU8 960:GOSUB ?40:GOSUB 230

1650 RETURN

1660 REM ** DIRECTION **

1670 Z=O:UNORM=I

1680 FOR I=1 TO NPLY

1690 X(I)=O

1700 Z=Z+SGN(H(I))

1710 NEXT I

1720 Z=I/SQR(Z)

1730 IF NC=O THEN 1850

1740 FOR I=1 TO NC

1750 P=C%(I,1):N=C%(I,2)

1760 GOSUB 440

1770 FOR 9=1 TO NPLY

1780 LET X(J)=X(J)-Z(J)

1790 NEXT J,I

1800 UNORM =0

1810 FOR 9=1 TO NPLY

1820 UNORM=UNORM + X(J)*X(J)

1830 NEXT 3

1840 UNORM=SQR(UNORM):TEST=O

1850 FOR I=1 TO NPLY

1860 X(I}=X(I)/UNORM

1870 TEST=TEST+X(I)*Z*SGN(H(I})

1880 NEXT I

1890 UNORM =0

1900 FOR I=1 TO NPLY

1910 Z(1)=X(I)-TEST*Z*SGN(H(I})

1920 UNORM=UNORM+Z(I)*Z(I)

1930 NEXT I

1940 IF UNORM<.O00001 THEN F$="FAIL": RETURN ELSE F$ ="°.

1950 UNORM=SQR(UNORM)

1960 FOR I=1 TO NPLY

1970 Z(I)=Z(I)/UNORM

1980 NEXT I

1990 GOSUB960

2000 RETURN

2010 REM ** STRAIN RATIO **

2020 FOR P =1 TO NPLY

2030 IF H(P)=O THEN 2160

2040 II=P:GOSU8 1200

2050 FOR N= 1 TO NL

2060 B#=O:C#=O

2070 FOR I =1 TO 3

2080 FOR 3=1 TO 3

2090 C#=C#-SREF*SREF*G(I,_)*E(N,I)*E(N,J)

2100 NEXT J

2110 B#=B#-SREF*S(I)*E(N,I)

2120 NEXT I

2130 SVAL=<-B#+SQR(B#*B#-4*C#*(1-E6)))/(2*(.O00001))

2140 IF SVAL>S THEN S=SVAL

2150 NEXT N

2160 NEXT P



2170 RETURN

2180 REM ** IFP **

2190 Z=I/SQR(NPLY)

2200 FOR I=1 TO NPLY

2210 Z(I)=Z:H(I)=Z

2220 NEXT I

2230 GOSUB.960

2240 S=O:SREF=I

2250 GOSUB 740:GOSUB 2010

2260 FOR I=1 TO NPLY

2270 H(I)=H(I)*S

2280 NEXT I

2290 S=O

2300 GOSUB 960:GOSUB 740:GOSUB 230

2310 RETURN

2320 REM ** TRANSFORM **

2330 FOR I =1 TO NPLY

2340 C2=COS(2*T(I)):C4=COS(4*T(1))

2350 S2=SIN(2*T(1)):S4=SIN(4*T(1))

2360 B(I,1)=V(1)+C2*V(2)+C4*V(3)

2370 B(I,2)=V(1)-C2*V(2)+C4*V(3)

2380 B(I,3)=V(4)-C4*V(3)

2390 B(I,4)=V(5)-C4*V(3)

2400 B(I,5)=S2/2*V(2)+S4*V(3)

2410 B(I,6)=S2/2*V(2)-S4*V(3)

2420 B(I,7)=V(&)+C2*V(7)

2430 B(I,8)=V(6)-C2*V(7)

2440 B(I,9)=S2*V(7)

2450 C(I,1)=U(1)+C2*U(2)+C4*U(3)

2460 C(I,2)=U(1)=C2*U(2)+C4*U(3)

2470 C(I,3)=U(4)-C4*U(3)

2480 C(I,4)=U(5)-C4*U(3)

2490 C(!,5>=S2/2*U(2)÷S4*U(3)

2500 C(I,6)=S2/2*U(2)-S4*U(3)

2510 NEXT I

2520 RETURN

2530 REM ** INPUT **

2540 CLS

2550 PRINT "PRESS ANY KEY WHEN":PRINT "DESIRED MATERIAL":PRINT "APPEARS"

2560 FOR K = 1 TO 750:NEXT

2570 FOR M=O TO 6

2580 REM IF M=a THEN M$="NEW MATERIAl.." _LSE .READ M,EX,EY,VX,ES,TPLY,xT,YT,X[

YC,SS,M

2590 CLS:PRINT M$:REM SOUND 20,1

2600 FOR 3=1 TO 200

2610 IF INKEY$<> ....THEN 2640

2620 NEXT 3,M

2630 GOTO 2570

2640 IF M=6 THEN GOSUB 9000:GOTO 2550

2650 CLS:PRINT "5 ";MS;" 5"

2660 PRINT "HOW MANY"

2670 INPUT "PLY GROUPS";NPLY

2680 CLS:PRINT "ENTER PLY GROUP"

2690 PRINT "ORIENTATIONS"

2700 FOR I =1 TO 200

2710 NEXT I

2720 CLS

2730 FOR I =1 TO NPLY

2740 PRINT "PLY ";I

2750 INPUT T(I)
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2760 T(I)=FNRAD(T(I))

2770 NEXT I

2780 PRINT "ENTER NUMBER OF"

2790 PRINT "INDEPENDENT LOAD"

2800 INPUT "CONDITIONS";NL

2810 FOR I =1 TO NL

2820 CLS:PRINT "Load ";I;"in MPa. "

2830 INPUT "NI=";XN(I,1)

2840 INPUT "N2=";XN(I,2)

2850 INPUT "N6=";XN(I,3)

2860 FOR J =1 TO 3

2870 XN(I,J)=XN(I,J)*IO00000!

2880 NEXT J,I

2890 RETURN

2900 REM ** INVARIENTS **

2910 VY = 1/(1-VX*VX*EY/EX)

2920 QXX=VY*EX*IE+Og:QYY=VY*EY*IE+09

2930 QXY=VY*VX*EY*IE+Og:QS=ES*IE+09

2940 U(1)=(3*QXX+3*QYY+2*QXY+4*QS)/8

2950 U(2)=(QXX-QYY)/2

2960 U(3)=(QXX+QYY-2*QXY-4*QS)/8

2970 U(4)=(QXX+QYY+6*QXY-4*QS)/8

2980 U(5)=(QXX+QYY-2*QXY+A*QS)/8

2990 EX=1E-12/(XT*XC):EY=1E-12/(YT*YC):ES=1E-12/(SS*SS)

3000 FX=(1/XT-1/XC)/IOOOOOO!:FY=(1/YT'I/YC)/IO00000!

3010 EXY=-SQR(EX*EY)/2

3020 GXX=EX*QXX*QXX+2*EXY*QXX*QXY+EY*QXY*QXY

3030 GYY=EX*QXY*QXY+2*EXY*QXY*QYY+EY*QYY*QYY

3040 GXY=EX*QXX*QXY+EXY*(QXX*QXY+QXY*QXY)+EY*QXY*QYY

3050 GSS=ES*QS*QS

3060 GX=FX*QXX+FY*QXY

3070 GY=FX*QXY+FY*QYY

3080 V(1)=(3*GXX+3*GYY+S*GXY+4*GSS)/8

3090 V(2)=(GXX+GYY)/2

3100 V(3)=(GXX+GYY-2*GXY-4*GSS)/8

3110 V(4)=(GXX+GYY+6*GXY-4*GSS)/8

3120 V(5)=(GXX+GYY-2*GXY+4*GSS)/8

3130 V(6)=(GX+GY)/2

3140 V(7)=(GX-GY)/2

3150 RETURN

3160 REM ** OUTPUT **

3170 REM SOUND 15_:REM SOUND S0,2

3180 K$="Hit any key to co_tinue'_US--'MN/m"

3190 CLS:TEST=O

3200 FOR I=1 TO NPLY

3210 TEST=TEST+H(I):NEXT I

3220 PRINT "TOTAL THICKNESS = "

3230 PRINT TEST;"m."

3240 PRINT USING "####.## Plies";TEST/TPLY

3250 PRINT KS;

3260 A$=INKEY$:IF AS<>"" THEN 3260

3270 IF INKEY$="" THEN 3270

3280 CLS:PRINT "Press Y if printout","of displayed result","is desired.

Press N","if not";

3290 FOR I =1 TO 800:NEXT I

3300 A$=INKEY$:IF AS<>"" THEN 3300

3310 CLS:RESTORE 6120

3320 J=O:A$=INKEY$

3330 FOR I =1 TO 8

3340 READ A$:CLS:PRINT:PRINT AS:SOUND 20,1
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3350 AS= INKEY$ :IFA$="" THEN 3350

3360 PRINT A$;:FOR KK=I TO 75:NEXT KK

3370 IF A$="Y" THEN 3=J+1:C%(3,1)=I

3380 NEXT I

3390 IF 3<>0 THEN LPRINT STRINGS(24,"5")

3400 FOR K = 1 TO J

3410 ON CY.(K,1) GOSUB 480, (5200) ,3460,3600,3820,3920,4010,8000

3420 LPRINT

3430 NEXT K

3440 CLS:PRINT "FINISHED",K$

3450 IF INKEY$="" THEN 3450 ELSE RUN

3460 CLS:LPRINT "Total Thickness ="

3470 LPRINT USING ".####^^^^ m.";TEST

3480 LPRINT USING "####.## Plies";TEST/TPLY

3490 LPRINT

3500 A$="ANGLE RATIO #PLIES"

3510 LOCATE O,I:PRINT A$:LPRINT A$

3520 FOR I =1 TO NPLY

3530 A=CINT((FNDEG(T(I))*IO0!))/IO0!

3540 B= CINT((H(I)/TEST*IO000!))/IO000!

3550 C=CINT((H(I)/TPLY*IO0!))/IO0!

3560 PRINT A;TAB(6);B;TAB(13);C

3570 LPRINT A;TAB(6);B;TAB(13);C

3580 NEXT I

3590 RETURN

3600 REM ** STRENGTH **

3610 LPRINT "STRENGTH RATIOS"

3620 LPRINT "1 = ULTIMATE STRAIN":

3630 LPRINT ">I IS SAFE"

3640 FOR I=1 TO NL

3650 LPRINT "LOADING "I

3660 LPRINT "PLY"

3670 FOR P=I TO NPLY

3680 IF H(P)=O THEN 3800

3690 II=P:GOSUB 1200

3700 A#=O:B#=O

3710 FOR J=l TO 3

3720 FOR K=I TO 3

3730 A#=A#+G(J,K)*E(I,J)*E(I,K)

3740 NEXT K

3750 B#=B#+S(J)*E(I,J)

3760 NEXT 3

3780 A=FIX(A#*IO000!+.5)/IO000!

3790 LPRINT FNDEG(T(P));TAB(IO);A

3800 NEXT P,I

3810 RETURN

3820 REM ** STRAINS **

3830 LPRINT TAB(4);"LAMINATE STRAINS"

3840 FOR N=I TO NL

3850 LPRINT "LOADING "N

3860 LPRINT USING "el=+#.###E-O3";E(N,1)*IO00!

3870 LPRINT USING "e2=+#.###E-O3";E(N,e)*IO00!

3890 LPRINT USING "e6=+#.###E-O3";E(N,3)*IO00!

390O NEXT N

3910 RETURN

3920 REM ** A MATRIX **

3930 CLS

3940 LPRINT "Norm. 1A1 in GPa. "

3950 FOR I= 1 TO 3
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3960 FOR 3=1 TO 3

3970 D(I,J)=A(I,3)/1E+Og/TEST

3980 NEXT J,I

3990 GOSUB 7000

4000 RETURN

4010 REM ** A INVERSE **

4020 LPRINT "Compliance (normalized)"
4030 LPRINT "in 1/TPa."

4040 FOR I = 1 TO 3

4050 FOR 3 =1 TO 3

4060 D ( I, 3 )=A I ( I, J )*TEST* 1E+ 12

4070 NEXT J,I

4080 GOSUB (7000)

4090 RETURN

4100 LPRINT "Material Properties"

4110 GETY.M, EX, EY, VX, ES, TPLY, XT, YT, XC, YC, SS, M$

4120 LPRINT M$

4130 LPRINT "EX=";EX;" GPa"

4140 LPRINT "EY=";EY;" GPa"

4150 LPRINT "ES=";ES;" GPa"

4160 LPRINT "VX=";VX

4170 LPRINT "X=";XT; " MPa"

4180 LPRINT "Y=";YT; " MPa"

4190 LPRINT "S=";SS;" MPa"

4200 LPRINT "Ply Thicness";TPLY"m"

4210 RETURN

6000 DATA 10,5E-5,.1,1E-61
6120 REM DATA Ply properies,Loads,Total thickness • ply ratios, Strength

ratios

I 6130 REM DATA Laminate strains,Stiffness matrix,Compliance matrix,Ply
ratio graph

7000 REM FANCY

I 7010 LPRINT ..... "7020 LPRINT USING "l###.###";D(1,1),D(1,2),D(1.3)

7030 AS= ............

i 7040 LPRINT A$7050 LPRINT USING "l###.###";D(2,1),D(2,2),D(e,3)

7060 LPRINT A$

7070 LPRINT USING "l###.###";D(3,1),D(3,2),D(3,3)

I 7080 LPRINT ".................. "
7100 RETURN

8000 LPRINT "** PLY RATIO GRAPH **"

I 8010 LPRINT "ANF=LE"8020 Z=O:CLS

8030 FOR I =1 TO NPLY

'l 8040 XIII=H(I)/TEST8050 IF X(I)>Z THEN Z=X(I)

8055 NEXT

8060 DELTA=CINT(Z/.08)/IO0

I 8070 A=CINT(DELTA*IO00)8080 IF A<>20 AND A<> 50 AND A<> I00 AND A<>I50 THEN DELTA =DELTA+.OI:GOTO 8070

8090 FOR I =1 TO NPLY

i 8100 Z= (X(I)/DELTA*12)+258110 II=CINT(ABS(COS(I/2*3.14159)))

8115 IF Z<26 THEN 8160

8130 FOR K = 6 TO 15

m 8140 A=K+II*16:LINE(26,A)-(Z,A),PSET
8150 NEXT K

8160 LOCATE 0,1+II*2:PRINT USING "+###";FNDEG(T(I)):LOCATE 0,0

i 8170 IF II=l THEN COPY:CLS



8180 NEXT
8190 LPRINT TAB(4);"l 1 1 1 1 1 1 1 I":LPRINT TAB(&);"'7":LPRINT USING "

I LTA:LPRINT TAB(9);"PLY RATIO"
8200 RETURN

9000 PRINT "REVIEW OR NEW"

I 9010 INPUT "DATA (R/N)";A$9020 IF A$="R" OR A$="r" THEN 9190

9030 PRINT "WHICH MATERIAL":PRINT "WILL YOU"

i 9040 INPUT "REPLACE (0-5)";I9050 INPUT "EX(GPa) = ";EX

9060 INPUT "EY(GPa) = ";EY

9070 INPUT "VX = ";VX

i 9080 INPUT "ES(GPa) = ";ES
9090 INPUT "X(MPa) = ";X

9100 INPUT "X_(MPa) = ";XX

i 9110 INPUT "Y(MPa) = ";Y9120 INPUT "Y'(MPa) = ";YY

9130 INPUT "THICKNESS (m) = ";TPLY

i 9140 INPUT "NAME (15 CHR. MAX)";M$9150 PUT% I,EX,EY,VX,ES,TPLY,X,Y,XX,YY,S,M$

9160 PRINT "ADDITIONAL": INPUT "CHANGES (Y/N)";A$

91"70 IF AS= "Y'' OR AS="y" THEN 9000

9180 RETURN
9190 PRINT "REVIEW WHICH":INPUT "MATERIAL (O-5)";M
9200 GOSUB 4100

9210 GOTO 91609560 DELETE 45
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i0 INPUT "Report or Query: ",R$
ii IF R$='r" THEN 5000

12 INPUT "P, L, N, E, SY, RHO: ",P,L,N,E,SY,RO
15 GOSUB i00

20 GOTO 12

I00 PCRIT=N* P

110 I=(PCRIT*(L'2))/((3.1415A2)*E)

120 PD=((64*I)/3.1415)A.25

130 TEST=((4*L)/PD)-((2*(3.1415"2)*E)/SY)'.5

140 DIFF=(4*L/PD)-TEST
145 JC=0

150 IF DIFF > 0! GOTO 800

155 PRINT "JOHNSON COLUMN"

157 JC=l

160 PD=2*((PCRIT/(3.1415*SY))+(SY*(L'2))/((3.1415"2)*E))-.5
170 GOTO 900

800 PRINT "EULER COLUMN"

900 PRINT "MINIMUM PISTON DIAMETER IS ";PD
i000 STRESS = 4*PCRIT/(3.1415*(PDA2))
i010 NC=SY/STRESS

1020 PRINT "Factor of safety for compression: ";NC
1100 ID=2*((P*N)/(2000*3.1415926#))'.5
1124 AL=P

1125 P = 2000

1130 SR=((SY+(P*N))/(SY-(P*N)))'.5

1132 WT=-(ID/2)*((SR-1)/(2-SR))
1140 OD=ID+(2*WT)

1160 ET=(.405*OD)*(((P*N)/SY)'.5)

1200 PRINT "Cylinder bore',ID

1210 PRINT "Wall thick',WT

1230 PRINT "End thick",ET

1240 PRINT "Cylinder Outside diameter', OD
1300 OL=L+(ET*3)

1310 OLEX=OL+L

1320 OLCT=OL

1330 PI=3.141592654000001#

1332 DEF FNA(D)=3.141592654000001#*((D/2)'2)

1340 MASS=RO*((FNA(OD)-FNA(ID))*(OL-(2*ET))_(FNA(ID)*(3*ET))+(L*FNA(PD)))
1350 OPN=MASS+(FNA(ID)*(OL-(3*ET)))*.0321

1360 CLO=MASS+(FNA(PD)*(OL-ET))*.0321

2000 PRINT "Cylinder Length: ",OL

2010 PRINT "Overall Length extended: ",OLEX

2020 PRINT "Overall Length contracted: ",OLCT

2030 PRINT "Mass (Empty): ",MASS

2040 PRINT "Mass (extended with fluid): ",OPN

2050 PRINT "Mass (contracted with fluid): ",CLO

2090 INPUT "Press RETURN to print report or SKIP to go to next ",AS
2092 IF A$="skip" THEN RETURN
2095 IF R$<>'r" THEN RETURN

2100 FOR I=l TO i0 : LPRINT : NEXT

2110 LPRINT "Cylinder name: ";N$
2118 LPRINT

2120 LPRINT "Material: ";MS
2130 LPRINT

2140 LPRINT "Actual load: ",AL," (ib)"
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2150 LPRINT "Extension: ",L," (in)"

2160 LPRINT "Factor of Safety: ",N," "

2170 LPRINT

2180 LPRINT "Modulus of Elasticity: ",E," (psi)"

2190 LPRINT "Yield Strength: ",SY," (psi)"

2200 LPRINT "Density: ",RO," (ib/cu in)
2300 LPRINT

2400 LPRINT "....

2402 LPRINT

2410 LPRINT "Piston Diameter: ",PD," (in)

2415 LPRINT

2420 LPRINT "Cylinder Bore Diameter:",ID," (in)

2430 LPRINT "Cylinder Wall Thickness:',WT," (in)

2440 LPRINT "Cylinder End Thickness:",ET," (in)

2450 LPRINT "Cylinder Outside Diameter:',OD," (in)

2460 LPRINT "Cylinder Body Length: ",OL," (in)

2470 LPRINT "Cylinder Length Extended:",OLEX," (in)

2480 LPRINT "Cylinder Length Closed:',OLCT," (in)
2485 LPRINT

2490 LPRINT "Weight Empty: ",MASS," (Ib)
" " (ib)2500 LPRINT "Weight Extended with Fluid: ,OPN,

2510 LPRINT "Weight Closed with Fluid:',CLO," (ib)
4999 RETURN

5000 PRINT "4032-T6 Wrought Aluminum Alloy"

5010 M$="4032-T6 Wrought Aluminum Alloy"
5020 E=I0300000#

5030 SY=46000!

5040 R0=.098

5100 GOSUB 7000

5500 PRINT "BRass"

5502 M$='C27000 Yellow Brass"
5504 E=I.54E+07

5506 SY=60200!

5508 RO=.309

5520 GOSUB 7000

6000 PRINT "Steel"

6010 M$='1050 Cold Drawn Steel"
6020 E=30000000#

6030 SY=840001

6040 R0=.282

6100 GOSUB 7000

6999 END

7000 RESTORE

7010 READ N$,P,L,N

7015 IF N$='*End" THEN RETURN
7020 GOSUB 100

7030 GOTO 7010

10000 DATA "Outrigger",600,24,5

10010 DATA "Fork Tilt",5600,18,5
10020 DATA "Boom Extension",936,72,5

10030 DATA "Boom Tilt",5600,48,5

11000 DATA "*End',0,0,0
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PROGRESS REPORT: WEEK OF 4/27/B5

Group Nine

Research into the Lunar Roving Vehicle (LRV)

contined this _eek. A listing of possibly useful

technical reports from NASA _as assembled and the

abstracts examined. These reports document design

decisions made by NASA during the development of the LRV.

The studies analyze several aspects of the LRV, including

mobility, traction, radiation shielding, energy use and

control, as _ell as performance. A list of the reports

available at the libraray _as made. The remaining

reports deemed useful, but not in the libraray were

aquired directly from NASA Huntsville Space Center.

Discussions this _eek focused of the lifting system

for the fork lift. The popular consent is that some sort

of kinematic combination of links is the best choice.

Several options were presented. An arrangement _hich

yields a straight line lifting motion of the fork is

desired. Some fiexibility tilting the load is needed for

accurate positioning, it is also desired to be able to

move the load inside the front _heels for stability

during transportation- Several sketches of proposed

designs are included-

|
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ME 4282
_ROUP #9 - LUNAR FDRKLIFT

Progress Report for the Week of 5/5/86

This week consisted primarily of research and brainstorming

sessions. Specifically, Lunar Roving Vehicle (LRV) documents were

examined and a trip to the Huntsville Space & Rocket Center was made

to observe an actual Lunar Rover. Then all of the LRV and

construction equipment research was incorporated to determine the

most efficient lifting mechanism for the forklift. The preliminary

design uses a crane-like lifting boom that telescopes to obtain the

desired lifting height. As the load moves to or away from the

center of the vehicle, the battery/ballast pack will move in the

same manner. Benefits of this technique are vehicle stability when

picking up a load past the front wheels and better weight balance on

the wheels when a load is being carried. The overall length will be

eight feet and the primary structural material will be graphite

epoxy. This material only has a temperature range up to 300 degrees

Fahrenheit, therefore, a new material may be selected if heat build-

up appears to be a problem. A design load of _00@ _ pounds will

be the criteria used in the proper sizing of structural members,

motors, power supplies, and wheels. Several sketches of the

proposed design are included.

The project has been divided into ten sub-projects which are

being developed individually. These topics include:

1. Motors (drive and lift)

2. Wheels & Steering

3. Batteries/Power Supply

4. Hydraulics

5. Frame (structural)

6. Boom & Forks

7. Material Selection

8. Controls

9. Radiation Shielding &

10. Safety

Heat Dissipation

After more research and analysis, the findings of the ten

sub-projects will be applied to the existing design. Much of the

necessary research material is already in hand from either the

Georgia Tech library or from the Marshall Space Flight Center.

It is planned that by next week, we will have more answers to

our questions from the ten sub-projects. This will allow us to

further finalize our design.

|
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PROGRESS REPORT May 16_1986

Accomplishments in designing the lunar forklift this

past week pertain to selection of materials_ cooling of

frame members, steering_ and schematics.

In determining the size of the main frame and boom

structures, computer information has been obtained. Much

time has been spent converting the computer language into

IBM PC Basic from which we will be able to size composite

members. The main frame of the forklift will probably be

formed by an extrusion process in order to provide for a

cooling fluid to pass through. Schematics for a cooling

system have been drawn up_ with replacable "cooling packs"

for when the fluid heats up to the point of uselessness.

The number of electric motors for the forklift has been

narrowed down to seven. Four of these will be used to drive

the wheels. Two small motors will provide for steering the

vehicle, and the seventh motor will power a hydraulic pump

for operating the boom.

The steering system will be much like that of the LRV.

Both front and rear wheels are capable of turning

independently or simultaneously. This will enable round

steer and oblique steer for tighter turning and movement in

an angular direction. We have decided that two small motors

will control the steering; one for the front wheels and one

for the back wheels. Linkages will extend from each wheel

to its designated motor.
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Other work accomplished this past week include a

schematic of the whole forklift including the hydraulic and

electrical systems. Also design of a positionable and

removeable battery pack has been investigated for stability

and power reasons.
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PROGRESS REPORT FOR WEEK ENDING 5/23/86

GROUP 9

The majority of the work this week has been on the final

sizing of components. The material chosen for the chassis and

boom is 4032-T6 wrought aluminum alloy. This was chosen for its

high strength to weight ratio. The composite materials

previously considered were rejected due to their inability to

withstand the temperature extremes of the lunar surface. The

boom, which is the heart of the lift system, is a telescoping

member. The outer sleeve is a hollow rectangular section

measuring nominally four inches by six inches with a thicknesses

of 0.371 inches and 0.25 inches. The inner member is also

rectangular, measuring 3 inches by 4.5 inches. The telescoping

action will be accomplished by the use of a hydraulic cylinder

inside the boom.

The chassis configuration has been developed and the sizing

of the members has begun. Stability was the main concern in the

design of the chassis. Because of the light weight of the

vehicle, good balance is essential (while lifting, transporting,

and also when unloaded) to avoid loosing traction or tipping

over. The motors, batteries, pumps, and reserviors are located

strategically to act as counterweights and balance the vehicle.

The sizing of the hydraulic system is also well under way.

The system pressure is 2000 pounds with a low capacity pump. The

low capacity pump will be lighter and will save on power

requirements. It will also limit the speed of the lifting
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mechanism keeping inertia forces to a minimum. The hydraulic

fluid and pump will be cooled to keep the system operating at

about 150 to 200 degrees to avoid excessive viscosity losses.

Several cooling schemes have been considered and the

governing equations are being developed to find the the most

efficient system.

Work on the steering system is continuing as well as the

sizing of the wheels. The overall vehicle weight is needed to

determine the final size of the wheels.

Radiation analysis work is also being done and a barrier

coating system is being developed to protect the vehicle.
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ME 4182 Group #9 Progress Report

During our last project meeting we decided to list
possible alternative forms of traction, power generation,

steering, and lifting design.
Some of these designs suggested during our brainstorming
session included:

Traction: 1. Mesh wheels similar to those used on the lunar

rover (3, 4, 5, or 6)
2. Tread such as those found on a military tank.
3. Two treads and two skis (snow mobile)
4. Two treads and two wheels (half track)

5. A hovercraft design.

6. A walker design.

7. The use of long cylinders that run the
width of the vehicle.

The treads were rejected because it was felt they would

create trenches making the working surface uneven.

The hovercraft concept was rejected due to the fact that large

amounts of dust would be kicked up and it would be difficult to

control. The dust would not only restrict the vision of the operator,

but would also inhibit radiative cooling.

The walker was discounted as being impractical to build, heavy,
and difficult to make stable.

The flywheel design would be hard to control because of Gyroscopic

torque. The disk would need to be heavy or rotate very

fast. In addition, some source would be needed to start the flywheel

rotating.

The long cylinders and the Mesh wheels were accepted as

having merit and deserve further consideration.

Power Generation: 1. Batteries

a. Recharged by solar cells

b. Recharged by other means
2. Fuel cells

3. Liquid propellant
4. Nuclear

5. compressed air
6. Solar Sail

7. Heat cells

8. Large flywheel.

The liquid propellant idea seemed cost prohibitive due to

the cost of transporting fuel, however some designs may

incorporate small liquid propellant rockets to help overcome

large momentum forces.

Nuclear power was discounted at the present time because

proper cooling would not be possible, and heavy shielding would

probably be Necessary. In the future, however, nuclear power

I
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may be used to recharge batteries off the lift.
The compressed air and solar sail were rejected because

they would not be able to create enough propulsion.

Not enough is known about heat cells by this group to render

a decision at the present time.
Batteries seem to hold promise but are heavy and obviously

need to be recharged. Varying availability of sunlight may

present a problem.
Fuel cells may not be practical due to the high cost of

transporting fuel. Again heat dissipation may become a problem

More research is required.
The large flywheel concept seemed impractical due to the fact

that a source of power would still be needed to start the wheel

rotating. In addition, problems with gyroscopic torque would be

difficult to over come.

Steering: i. All "wheel" independent steer.
2. Sets of wheels steering together.

3. Front wheel steer only.

4. Pivoting (clutch wheels).
Slowing or stopping one set of wheels

while speeding up the other set.

5. Pivoting (treads).
6. Articulated steer (barrel steer).

Pivoting with treads may be discounted because of the rutts

it produces.
All wheel independent steering would be difficult to

control at best.
Front wheel steer would be adequate but would not give the

maneuverability desired for a fork lift.

Pivoting with clutch wheels we feel would cause rutts as

well.

Articulated steer, rear wheel steer, and set wheel steer

seem to be the best choices.

Lifting device:

Proposals for lifting devices are being drawn up by each
member. To be considered in the design are weight, surface

conditions, lifting range, and weight distribution.

Jeff Hynds
Bruce Reynolds

Michael Minchew

David Martucci

Jeff Dilg
Robert Dirksen

Joe Gentry

!
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Record of Invention
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APPENDIX F

Alternate Concept Drawings
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